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Design and Performance of a Highly 
Integrated Parallel Access 
Spectrophotometer 

This innovative ultraviolet/visible spectrophotometer solves 
many chemical analysis problems that were impossible for 
older photometric technology, 

by Barry G. Willis 



ULTRAVIOLET VISIBLE SPECTROPHOTOMETRY 
is a chemical analysis technique used for nondes- 
tructive analysis of a wide range of molecules and 
compounds. Examples extend from simple inorganic 
metals and nonmetals. such as those found in dopant or 
plating processes, to complex organic and I) in chemical 
species, Samples are analyzed rapidly, reproducibly, and 
accurately. The technique can be used to determine both 
the type of a compound and its concentration, often to 
very low detection limits. Depending on the electronic: 
structure of the compound, the limit of detectabiiity ■ w 
be in the range of 1 x 10 a mole/liter nr better (approxi- 
mately one part in 10 s , depending on molecular weight]. 
More important, analysis of everyday concentration levels 
can be done with precision anil high productivity, 

For species of biochemical interest. UV/Vis is uIIhii the 
method of choice. Compounds with very large molecular 
weight can be analyzed with extreme specificity in the 
complex mixtures found in biological fluids. For example, 
enzymatic reactions, in which the compound of interest is a 
catalyst for other materials, are important for diagnosis of a 
variety of life-threatening disease states. As a result, en- 
zymes are analyzed over a million times each day for clini- 
cal purposes. In physical measurement situations, l.lV.'Vis is 
used to monitor the thickness and uniformity of coalings. 
color perception, reflet:! ivity. particle density and size dis- 
tribution, and surface interactions of materials. 

UV/Vis spectrophotometry analyzes the absorption of 
light by a sample, typically in the wavelength range from 
2:00 nanometers (nmj to 600 nm. The major features are the 
wavelength of the absorption, which gives molecular in- 
formation, and the degree of absorption, which gives con- 
centration informal inn. 

UV/Vis has wide applicability because it is sensitive to 
the basic electronic transitions of the molecules involved. 
However, since the electronic molecular orbital transitions 
in solution are broadened by vibrational, rotational, and 
translational interactions, absorption bands in this region 
of the electromagnetic spectrum tend to be relatively large 
compared to most qualitative analysis techniques. Tradi- 
tionally, this broadness has limited qualitative analysis by 
UV/Vis to identification of specific functional groups or 
chromophores (the portion of a molecule that has a strong 
electronic transition). Conversely, it has been this broad- 



ness and high interaction probability of the electronic struc- 
ture of the molecules that gives the technique its great 
advantage in quantitation of chemical species. In other 
words, UV/Vis isn't the best way to find out what's in an 
unknown mixture, but if you know what's there, t'Y \ i 
will tell you very accurately how much. 

The traditional approach to the measurement, illustrated 
in fig. 1, consists of a wideband source, a monnchrnrnator 
to select the wavelength of interest, a dual-beam ratio sys- 
tem, and the detector. Typically, if qualitative information 
is needed, the monochromator is scanned over the region of 
interest and the measured data is output to a recorder. For 
quantitative purposes, the monochromator would typically 
be held at a single wavelength [that of maximum sensitivity 
and independence from interference] and the response 
would be coni|Jiut*d to previously standardized result. 

As chemical needs have grown more complex and de- 
manding, the technological capability of UV/Vis has not 
kept pace. An example of this is baseline flatness, which is 
the degree of deviation from an average value as a function 
of wavelength. In a traditional system baseline flatness de- 
pends on the quality of match between the optical compo- 
nents in the sample and reference paths. This also requires 
that the oplh a) cells thai contain the sample be matched. 
Matched cells can be obtained, but it is difficult to maintain 
them in a state of equal cleanness, In some spectro- 
photometers it is possible to scan the system and normalize 
9 limited mismatch aver fixed intervals, This takes a sig- 
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Fig. 1 . in a traditional spectrophotometer, a monochromator 
selects one wavelength of light at a time to pass through the 
sample to the detector 
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niricanl amount of time, however, find if any spectral shifts 
occur hot ween normalization and I he measurement, th« 
resultant baseline drift makes accurate absorbance mea- 
sureinents near the baseline very difficult and time- 
consuming. A practical result is that system normalization 
over more than a single wavelength is not feasible. Hence 
baseline flatness limits precision near the detection limit. 

The wavelength dispersing mechanism in a traditional 
monochromator is a series of mechanical linkages that TQ- 
tate a grating (the most common device lor separating light 
into its component wavelengths) to the necessary angle, 
^reproducibility in the linkage means uncertainty in (he 
actual wavelength selected. One consequence is errors in 
the measurement of absorption data that changes with 
wavelength. This means that tor precision measurements 
all quantitation must be done in low-slope regions [peaks 
ami valley. s) ol the absorption curve, 

These arc examples of a couple of photometric measure- 
ment limitations that are imposed by the instrumentation 
available. Others include structurally imposed problems, 
limitations on sample exposure ot detector config- 

uration, fluorescence sensitivity and concomitant error in 
absorbance at the wavelength of interest, resolution varia- 
bility causing uncertainty in absolute absorbance, and sta- 
bility problems imposed by a variety of structural limita- 
tions and variable detector gain (the most common detector 
has a certain amount of hysteresis]. 

These limitations have long been imbedded in tin- 
technology available. As a result, procedural adjustments 
and chemical modifications have been adopted to avoid or 
overcome them. One of the most serious procedural 
changes has been that, in todays demanding chemical en- 
vironment, where more and more complex mixtures need 
analysis to lower and lower limits, photometric measure- 



Fig. 2. Model B450A UVMsible 
Spectrophotometer is designed to 
overcome many of the (imitations 
of traditional spectrophotometers 
and rirovide chemical information 
that formerly had to be ignored A 
high degree of integration be- 
tween Hs processor, optics, and 
keyboard helps maximize its 
speed, accuracy, sensitivity, and 
productivity 



ments have not been able to solve the problems unique I v. 
This has caused a shift to more time-consuming, less pre- 
cise, and chemically destructive techniques. The conven- 
tional wisdom is that UV'Vis does not have the necessary 
sensitivity or ability to handle even relatively simple chem- 
ical mixture problems. 

New UV/Vis Spectrophotometer 

In designing the HP H45UA Spectrophotometer, Fig,2 T we 
decided to address ourselves directly to bringing high per- 
formance and technical excellence to the measurement 



Absorbance Units 



Model 8450A Spectrophotometer computes the absorbance of a 
sample according to the equation 



A 



-> g, u |e§-B 



where S and R sre measurements of trie light reaching the detector 
via the sample and reference paths, respectively, and D and B are 
corrections for dark current and the degree ot balance between the 
two paths. Absorbance is measured in absorbance units, or A u 
(The abbreviation Abs for absorbance units is sometimes used, and 
sometimes absorbance units" is abbreviated to "absorbance"— 
e.g. 3 absorbance or 3 Abs for 3 A.U.) 

Beer s Law states that the absorbance A of a substance is reiated 
to its concentration C by 

A = abC 

where a is the molar absorptivity (or simply the absorptivity) ot the 
sucs'ance and b is the sample path length 
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Spectrograph 



Source 




Con focal Elliptical Optics 

Fig. 3. In the 8450 A, traditional optics are reversed The light 
passing through the sample is wideband instead of a single 

wavelength. The detectons a spectrograph thai measures all 
wavelengths simultaneously instead of one at a hrne, 

process. Taking advantage of the capabilities inherent in 
the design, we have expanded the range of applicability of 
spectrophotometry to include chemical information that 
had to be ignored in more traditional approaches. 

The design process focused on maximizing speed, accu- 
racy, and sensitivity to provide a highly productive instru- 
ment. The 84 50 A represents an extraordinary match be- 
tween the capabilities of processor, optics, and keyboard 
control system Kor the tir.st time, a photometric measure- 
ment system is last enough to allow direct interaction be- 
tween the user and the chemical or physical measurement 
task being performed. That is, interactive adjustments can 
now be made on the basis of immediately obtainable chemi- 
cal information. Also, chemical measurements can he made 
that were previously impossible or impractical because of 
the precision required or the time involved. 

Reversed Optics 

The basic concept is to turn the measurement arrange- 
ment around, as shown in Fig. 3. Now the sequence is 
reversed compared to the more traditional design approach 
shown in Fig, 1. The source is now focused on the sample 
instead of the ninnochomalor. After passing through the 
sample, the remaining light enters a spectrograph, rather 
than a mminchrnniatnr. This allows access to all the 
wavelength information simultaneously, rather than seri- 
ally as with a monochromatic system. Now. instead of hav- 
ing to acquire data at a rate of one time constant per resold 
Hon element, we can acquire the same information on all 
resolution elements simultaneously. This means that wo 
have a fundamental speed advantage related to the number 
of resolution elements involved, in this case, it is a factor of 
four hone] red. Being four hundred times as fast as a tradi- 
tional system is not the whole uame of the game t however. 
Even more Important IS that we now have direct, rapid 
electronic access to wavelength information, Also, since 
there are no moving parts in the spectrograph, the uncer- 
tainty caused by wavelength ^reproducibility is avoided. 
Now valid quantitative chemical information can be re- 
trieved From the sides of absorption peaks as well as the 
tops. This additional information makes chemical species 
more unique and makes Identification more of a possibility 
for UV/Vis. 

Baseline stability in a reversed optical system can be a 



Analysis for Metals 

by Gerald E, James 

Quantitation of met ate in solutions contain >ng several metals is of 
interest in a variety of industries including metal plating, semiconduc- 
tors, mmmg. steel, and others In the past it has been necessary either 
to separate the metals before spectrophotometry analysis or to use 
chemical procedures to generate a coromophore specific fpt 
metal of interest in turn The 8450A offers the potential of eliminating 
much of this pre measurement manipulator by means of the mul- 
ticomponent analysis routine 

For example, many metals exhibit spectra m the ultraviolet region 
when m strong hydrochloric ac*d, but the usefulness of this has been 
limited because of the motual interference of the spectra when sev- 
eral metals are present simultaneously 
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Fig. 1. Spectra of gold, lead, and silver in strong hydrochloric 
acid 

Fig. 1 shows the spectra of gold, lead, and silver in 6M HCl at about 
10 ppm each Fig 2 shows the first derivatives of the same spectra 

and the results for analysis of iwo different mixtures of the three 
metals The derivative spectra were used to take advantage of their 
amplification of spectral detail and immunity to changes in baseline 
signal level The results are excellent and the concentrations of 1-15 
ppm are well within the sensitivity hmiis For the 845QA 
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Fig. 2. first derivatives of the spectra n: 
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serious problem. Since the sample cell is ahead of the spec- 
trograph entrance si it, any optical variations induced by the 
sample cell look like absorption of lighl. The slit is 50 
micrometres [jxmj wide, II tin: desired photometric accu- 
racy is one part in ten thousand, movement of any image 
shadows must be kept to less than 0.5 fjan at the slit. For 
practical purposes, this means that even if I he entire optical 
system is fixed, including the necessary Flow cell, thermal 
variations in the structure would add sufficient expansion 
and contraction to limit the accuracy of the results. A stan- 
dard replaceable cell cannot be used, since the cell cannot 
be replaced with sufficient accuracy, This places a tight 
restraint on the utility of such a system. 

ClearIy T to take care of the optical variability of cell re- 
placement, an adaptive optical system is required. The new 
8450 A Spectrophotometer has just such a system. The beam 
director system (see article, page 24] senses the position of 
tlie beam after it goes through the sample cell and compen- 
sates the image position with a reproducibility better than 
three seconds of arc. That is better than the angle subtended 
by a lateral displacement of less than 1.5 cm in a kilometer 
(less than an inch in a mile) With an active optical elemen! 
in the system, high -quality measurements can be made 
even in the presence of variations ul ihe index of refraction 
as ail currents pass through the sample area. 

Since the source intensity is variable in both wavelength 
and time, some technique must be used to normalize the 
source outpuL Traditionally, this is accomplished by a 
dual-beam approach, with the light passed alternately 
I h n ) u g h a refe re n ce ce 1 1 a n d th e sa m p I e ce 1 1 . Th ese repeat et i 
readings of source intensity, concurrently with any varia- 
tions induced by reference so hi I ion instability, help to 
normalize I lie intensity read at the sample cell. This dual- 
beam approach improves spectral stability to the limits 
imposed by detector non linearity and amplifier offset. Even 
so. restrictions in the optical arrangement usually used by 
designers constrain the system to a single reference and a 
single sample cell position. The 8450A beam director sys- 
tem is radially symmetric and can accommodate as many 
beam positions as space allows, which turns out to be one 
reference position and four sample cell positions. 

Elliptical Optics 

This brings us to the basic optical design. The sensitivity 
of photometric measurements is usually limited by the 
statistics of beam balance uncertainty [the uncertainty of 
the match between the sample and reference paths), and ii 
not by that, then by the shot noise of the photon flux avail- 
able. The new HP system has excellent beam balance 
charcleristics, so the actual low-level absorbance limit is 
tied to the amount df light I hat can be pushed through the 
optical system, Tradilinnal spherical optical design would 
have left us willi a system not much better than existing 
ones, so a radical departure was made. Elliptical optics have 
better light-gathering characteristics but have been difficult 
to make because of the difficulty of grinding a surface that 
larks spherical symmetry. Using numerically controlled 
machining techniques guided accurately by an IIP laser 
interferometer, an elliptical bowl was ground in pyrex. This 
became the master surface from which the first 8450A + s 
mirrors were made, Current R450A mirrors are made using a 
master surface that was ground using more conventional 



techniques, However, this first master proved the feasibility 
of grinding the elliptical surface, 

The folded optical system is described in the article on 
page 17 and illustrated in Fig. 1 on page 17, As many as five 
beams can be accommodated. The lamphouse, spectro- 
graph, and beam director assemblies are close to one another 
and mounted on the same plane. This means that the system 
is more independent of thermal effects than those tradition- 
ally designed on an optical rail concept and physically 
spread out. Since these components are on the same plane, 
construction and adjustment of the system during manufac- 
ture is also simplified. 



Chemical Identification 

by Gerald E. James 

It is frequently of interest to identify a component when it could be 
any one of several having very similar absorption spectra. The 
capabilities of The 845QA were demonstrated by using it to identify 
which of tour barbiturates were contained m some test solutions. !n 
practice, a barbiturate spectrum is measured as the difference bet- 
ween two spectra measured at pH > 1 3 and pH - 1 0.3. This is done to 
cancel the absorbance of components that do not exhibit a spectral 
shift with pH. which would otherwise interfere Fig 1 shows the 
difference spectra for four important barbiturates. The spectra are 
extremely similar, differing by 2 nm or less in thetr absorbance max- 
ima and minima. However, if great care is taken In making dilutions of 
the standards and samples and in not introducing non instrumental 
measurement errors, it is possible to ascertain which of the barbitu- 
rates is present in an unknown and to compute its concentration 
Several alternatives are available for identification, such as the 8450A 
muiticomponent analysis routine or drvtsjon of the spectrum of the 
unknown by that of each standard. The relative-fit error statistic 
obtained from the mullicomponent analysis is an excellent indicator 
of spectral match. If the spectra are of the same compound the 
division of one spectrum by another should produce a quotient that is 
a straight line when plotted versus wavelength Such spectral com- 
parisons are made possible by virtue of the excellent wavelength 
reproducibility of the 8450A 
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Fig, 1. Barbiturate spectra are measured as differences be- 
tween two spectra measured at p.H>t 3 and pH = 10.3. These 
four barbiturates have very similar spectra, yet the 8450A can 
distinguish them 
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The spectrograph uses a pair of integrated photodiode 
arrays designed and built by HP Laboratories. These are 
special high-stability, low-noise, high-accuracy arrays with 
211 detectors on each chip. 

Since the system moves Lhe beam director and gets it 
settled accurately three times a second, reads the leakage 
current on each diode, !e\*els the gain on each to maximize 
measurement range and precision, reads the reference and 
sample beams twice and calculates all necessary correc- 
5, a large amount of mathematical manipulation is 
necessary. This is handled by the MC5 silicon-on-sapphire 
microcontroller chip produced by HP. It can handle high- 
speed calculations and the large amount of I/O communica- 
tions required lo control an instrument such as this. The 
SOS technology carries with it added reliability, which is 
important for instrumentation in the chemical field. 

Control and Communications 

Fig. 4 shows a block diagram of the overall control and 
communications system. A spectrophotometer with the 
B450A's capability and high level of performance integra- 
tion would simply not work without the microprocessor as 
an integral part of the design. All modern chemical in- 
strumentation includes microprocessor control of some 
sort, but the difference here is one of integration and taking 
advantage of internal control characteristics of the proces- 
sor rather than simply adding a processor to existing 
technology. The interactive control program occupies 
57.344 bytes of read-only memory (ROM). It was especially 
designed to make control of the instrument highly user- 
oriented instead of in.struinent-oriented, and to preserve a 
highly interactive approach. 

Keeping track of the volume of data generated during the 
optical measurement process can be formidable. In the 
84S0A, however, the system is as transparent as possible so 
the user need not even be aware of the processing involved. 
Besides the ROM control memory, the processor makes use 
of 32 K bytes of random-access read -write memory IK AM), 
This is expandable to H4K bytes. To supplement the high- 
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Fig. 4, Model 8450 A Spectrophotometer is controlled by a 
microprocessor. The control program , which occupies 56 K 
bytes of read-only memory, is highly interactive and user* 
fee* 



Pharmaceutical Formulations 
Analysis 



by Gerald E. James 



the pharmaceutical industry government regulations require 
oualrty control testing for the active ingredients *n the products These 
ingredients absorb ultraviolet and occasionally visible radiation 
However, because of mutual interference by components, multi- 

m gradient formulations have required separation of components be- 
fore spectrophotometry analysis, or chemical treatment to permit 
sequential measurement for each component The multlcomponent 

analysis capability of the 8450A is ideally suited to formulations 
testing in that no separation or chemical treatment to eliminate mutual 
interference is necessary One simply uses as standards the spectra 
measured for known concentrations of the individual components 
and then measures the spectrum of the product The same solvent is 
used to dissolve the standards and the product The measurements 
require one second each and the computations usually five to ten 
seconds The 8450A computes the proportions of the standard 
spectra that when added together best match the spectrum mea- 
sured for the mixture. An example of this is the analysis of a headache 
tablet for its active ingredients ace torn i nop hen, caffeine, salicy- 
lamide and aspirin (salicylic acid). Fig. 1 shows the spectra for the 
individual components, the spectrum for the tablet formulation and 
the printout of results. 

Since the mull component analysis computation can be done re- 
petitively at specified time intervals the 8450 A offers great potential 
for routine testing of multi-ingredient tablet dissolution rates 
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Fig. 1 . Results of an 845QA mulfrcomponent analysts of a 
headache tablet, The analysts was done without separating 
the components first. The standard deviations of the mea- 
sured concentrations indicate the degree of uncertainly tn the 
measurements. 



speed computation capabilities of the MC5 | or, we 

havfs added a hardware multiplier In the system. The pro- 
cessoa Can semd it a pair of numbers tn be multiplied, Ho 
some interim calculations in parallel il nci iss,irv, and be 
ready 1m the result from the Etttil'tipUe? when il is com- 
pleted, The system does over 200,000 distinct operations lo 
output the absorbance data. 

The optical system is under direct feedback control ol I he 
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Liquid Chromatographic 
Determination of Steroids 

by Barry G. Willis 



The compounds shown in Fig. 1 are very similar spectrally, One 
can see that cortisone and dexamethasone have very nearly the 
same peak positrons, differing only by the shoulder m the 260 to 270 
nm region in dexamethasone, Corticosterone is shifted only 4 nm to 
[he longer wavelengths, but has a peak shape very similar to cor- 
tisone's By the traditional approach to spectrophotometry; these 
three compounds could not be analyzed in a mixture and would have 
to be separated somehow before analysis 
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Fig, 1 . Pseudo-tsometric presentation of the liquid chromato- 
graphic separation of the three stenods. cortisone, dex- 
amethasone, and corticosterone, all at 300 ngipJ. The HP 
W84A Liquid Chromatograph system was used with the 
84 50 A Spectrophotometer as a detector The HP 982 5 A 
Desktop Computer controlled the plotter to produce 
this plot. 

High-pressure liquid chromatographic separation is currently the 
method of choice for this mixture, both for the simplicity of the proce- 
dure and the sensitivity of the technique. Since the compounds are so 
similar chemically, bulk separation and analysis ts both tedious and 
inaccurate because of variable recovery levels. A single- wavelength 
detector could be used, such as those using the mercury 254-nm 
emission line source, Since the compounds all absorb and there is a 
good signal from thai source, reasonable sensitivity can be attained. 
With a variable-wavelength detector, such as that available on the HP 
1084 A Liquid Chromatograph, greater sensitivity can be attained by 
moving closer to the peak maxima in the region about 234 to 238 nm. 
By using the HP 8450 A as a detector, not only can spectral informa- 
tion be obtained, thereby improving the qualitative nature of the 
analysis as shown in Frg. 1, but quantitative characterization of the 
mixture is enhanced by the use of more ol the chemical information 
than was previously available. 

There's more to the story than that, however We find that the mulii- 
component capability allows spectral isolation of species without 
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Fig. 2. Spectral plots of each of the stenods at eight parts pet 
million Each is normalized to a peak value of one to em- 
phasize the spectral Similarity. The actual absorhance values 
are close to one In the upper right is a printout of a direct 
845QA anafysis of the steroids in the mixture, done without 
separation at 2 667 parts per million 



separation m a wide range of routine situations Fig. 2 shows the 
slandard normalized spectra of the three steroids at a concentration 
of eight nanograms per microliter. A mixture containing 2 667 nano- 
grams per microliter of each of the compounds gives a composite 
spectrum roughly the same magnitude. The resultant spectral mul- 
Ucomponent analysis should give a value of 2.667 ng/pd for each The 
actual values obtained are printed by the spectrophotometer in the 
upper right-hand corner ol Fig 2. The errors, using the derivative with 
respect to wavelength, were 1.4%, 0.8%, and 0.6% for cortisone, 
dexamethasone, and corticosterone, respectively. With this level of 
accuracy, one can infer that the limit of analysis is in the region of 20 
picograms per microliter, or 20 parts per billion of one of the compo- 
nents, such as cortisone, in the presence of the other two at the 
original level ol 2.667 parts per milHon. 

Being able to analyze a simple mixture such as this directly affords 
a significant enhancement in analysis speed and productivity of the 
laboratory involved. However, in very complex mixtures, or systems 
without even minor spectral orthogonality, LC separation prior to full 
spectral analysis can greatly facilitate rationalization of difficult chem- 
ical systems Because of the multibeam configuration of the 8450A, a 
flow-cell sample position can be maintained for LC analysis, and the 
other three sample positions can be used in a multiplex manner for 
general-purpose analysis of simpler situations 



processor. The processor minimizes the exposure of the 
sample, using only as much as necessary, Thin is important 
with photosensitive samples in a one-second measurement 
the total sample exposure is ahnul ZOO milliseconds, de- 
pending on the exact speed of the beam director. Thus the 
total integrated flux on the sample is very small. We have 
repetitively measured photoresist compounds lor long 
periods of time with no measurable degradation to the limit 



of (he statistics of the system, which is in the 1U~ 4 absorb- 
.-mi ''-unit rangi , 

The input gain circuitry is also under processor Control, 
As the output of each detector diode is read mil to I he 
analog-to-digital converter, the system sets tip lor 
maximum precision by adjusting the input gain to a value 
that is optimum for that diode. 
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interactive User Interface 

To make it useful in a wide range of applications, a sys- 
tem must have an efficient, natural, and interactive user 
interface that helps the user get the desired results quickly 
and easily. This is true whether ihe measurements to be 
performed are general tasks of quality control that are re* 
petitive in nature or esoteric manipulations of data to gain 
understanding of a research problem. 

The 84 50 A 's dedicated keyboard is oriented toward the 
types of measurement tasks to be performed. Keyboard 
commands have sentence structure, with a subject, verb, 
and object. The EXECUTE key serves as the period of the 
sentence. Often the source or destination of information is 
implicit, so the 845GA doesn't always require m exp\U it 
statement of the operations to be done. Also, since many 
operations are repetitive, the user isn't required to repeal 
inputs that don't change. 

The main portion of the control system has been kept as 
simple as possible for the casual user, and operations of a 
more sophisticated nature remain in the background with a 
number oj default conditions. The user who wants to 
change the default conditions certainly can do so f but addi- 
tional background to program those changes with knowl- 
edge of their impact is important. 

The CRT display above the keyboard is the primary feed- 
batik to the user, and serves as a sort of scratchpad to man- 
ipulate the data to the individual's liking. Once in the righl 
format on the screen, the data is mil put to a hard copy device 
in exactly that format. Of course, there are certain refine- 
ments. Spectrophotomelric data has certain predictable as- 
pects. For example, since the data is acquired digitally in 
the 8450A, it is discontinuous, unlike the continuous data 
gathered by a traditional analog system. Knowing some- 
thing about the information resource, however, we can 
apply an exact til to the discontinuous data to fill in the gaps 
with a nonlinear interpolation between points, If the user 
prefers, a linear interpolation can be used. 

Finally, the screen shows a short summary of the status of 
the Instrument, A long form is also available. As instru- 
ments become more complex, it becomes harder to ascer- 
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Fig* 5. Baseline performance is an indication of the lower 
limits of delegability Model 84 50 A has supenor performance , 

with an rms uncertainty better than 3x10 4 ahsorbance 1 1 1 
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dynamic range is extended to 4 absorbance units by micro- 
programmed calibration 

tain their internal state of health . The 8450A was designed 
with a full set of internal diagnostics that are executed at 
turn-on d\\{\ can be called up individually for diagnosis of 
intermittent problems. These tests give the user confidence 
that the system is in a good state of health, 

Performance 

With a heavily integrated instrument such as this* lr.nl i- 
tional performance parameters only tell part of the story, 
I tut are a necessary starting point for the wide variety of new 
applications seen for this technology. Baseline perfor- 
mance gives an Indication <ii {lie level oi detscl ability one 
might expect for general low- level absorbers. This system 
has superior performance, as shown in Tig. 5. With 
an nns uncertainty better than 3xl0~ 4 absorbance units 
(A.U.), compounds such as pyrene. fl compound suspected 
of potent carcinogenic properties, can be detected to 
the level ol 3-5X1G" 9 mol.'l, or about 0.7 parts in 10* on 
a weight-per- weight basis. By using broadband detection 
techniques, an enhancement of sensitivity by an additional 
factor of two should be attainable. This brings the probable 
detection limit to better than 0.4 parts in 10^ 

The real name of the game for UV/Visible spec- 
trophotometry is the ability to quantitate unknown con- 
centrations of species over a reasonable dynamic range, The 
relationship between concent ml inn anil ahsorbance as- 
sumes high importance, As long as a linear assumption is 
made tor this relationship, the absolute linearity of the 
photometric system becomes paramount. Fig. 6 shows a 
plot of the fractional error in absorbance versus the actual 
ahsorbance level At low levels, while the uncertainty is 
relatively fixed in absolute value, the numeric value of the 
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absorbance is approaching zero, so the fractional error Is 
high, Even SO, this level of uncertainty for such a system is 
very good. The next major feature is an increase in the 
photometric error at the higher levels. While the low-level 
error is based on statistical fluctuations in the data, it is the 
systematic error caused by the stray light of the grating 
spectrograph that limits the measurement at high levels. 
This stray light becomes dominant as the sample absorbs a 
significant portion of the tight in a specific wavelength 
region. 

In an electronic sense, this is the systematic noise of the 
system. Since the signal structure is highly variable, it is not 
currently considered practit a J to compensate fts it. Finally, 
once the stray light becomes totally dominant, the signal 
information is lost, and no amount of processing will re- 
trieve it, As it is, the total linear dynamic range for the 
optical system is 3.2 decades at the two percent uncertainty 
level. This is usually entirely adequate, since at the higher 
concentration levels, a chemist often has the freedom to 
dilute the sample to an acceptable range. Superficially, it 
sounds good to increase the measurement range from 3 to 4 
absorbance, Actually, a large technical effort in stray light 
rejection is necessary to extend the intensity range by the 
order of magnitude required. This means increased cost, yet 
if the chemical dynamic range is considered to be from 
3xl0~ 4 to 3 A,U., increasing it to 4 A.LI, only increases the 
chemical dynamic range by a little over ;i% f which hardly 
seems cost-effective. However, by taking advantage of its 
microcomputer and programmed methods calibration, the 
8450A achieves an extension of its chemical range to about 
4 A.U, inexpensively, without any costly effort in stray light 
rejection. 

At the low-level end, increasing sensitivity brings in a 
large number of no ninstru mental factors over which we 
have little control. These are generally placed under the 
label "solution noise." In practical terms, as the race to 
increase photometric sensitivity heats up, the user will 
have to be much more precise in the selection of solvents for 
purity and in the treatment of the measurement containers 
commonly used. 

Baseline stability of a spectrophotometer with time is an 
important factor when the procedure involved does not 
allow for ^standardization of the optical system. Examples 
of this are measurements of a chemical reaction as it pro- 
ceeds, or in a flow analysis situation such as liquid chro- 
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Fig. J. Absorbance-versus-iime plot shows the 8450 As 
iow tfrtfl 

matography or process control streams. The 8450A system 
design places the critical optical elements relatively close 
to one another. Once control has been gained over the major 
factors traditionally dominant in system instability, such as 
beam balance and image stability of the lamps, then the 
thermal expansion coefficients of the materials involved 
begin lo affect the time stability. Attention to the materials 
used becomes important hs well as the physical layout. 
Since the major elements are close together, the dimen- 
sional changes are minimized and the 8450A has low drift 
characteristics (see Fig. 7). 



Conclusion 

The HP &450& Ultraviolet/Visible Spectrophotometer 
adds speed, accuracy, high-level processing, and interac- 
tive capability to the overall performance capacity of 
photometric measurement, It allows the user to interact 
with the measurement problem with an ease previously 
impossible: to see, work with, and quantitate chemical rela- 
tionships that formerly were considered impractical at best. 
There exists a relationship between the perceived difficulty 
and practicality of a given hisk and whether the answer to be 
gained is worthy of the effort. Now. for the first time, the 
person involved with photometric measurements can read- 
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ily see the interrelationships of the various chromophores 
present and easily determine whether sufficient chemical 
information can be retrieved from the system to solve the 
problem at hand. This kind of closed-loop, interactive rela- 
tionship with the chemical problem allows a more creative 



and productive approach to analysis than was previously 
possible. This means that the basic speed and productivity 
of photometric measurements can be brought to bear on a 
much wider range of problems than was thought possible 
before this development- 
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A Task-Oriented Approach to 
Spectrophotometry 



by Arthur Schleifer and Barry G. Wiilis 



THE DESIGN of any keyboard-operated instrument 
usually involves a tradeoff between simplicity 
for the inexperienced or casual user and versatility 
tor more sophisticated users and measurements. The iirrn- 
wrare control programs forthe845GAUV/VisSpe€trophoto 
meter are designed to perform a wide range of operations 
with the measurement complexity transparent to the user. 
The natural language of the chemical environment has 
been maintained to facilitate communication of measure- 
ment tasks from the user to tin? instrument 

The S450A is designed to allow the user to get answers to 
chemical problems rather than jusl >>fiu?nittf plmtumotrii 
data, Thus it represents a task-oriented approach to UV/Vis 
spectrophotometry. The user enters the measurement pro- 
cedure, specifies ihe data reduction and display parame- 
ters, and obtains answers in ihe desired format. 

User Communication 

It was a major goal of theMSUA liffsi.L'n Icuin In make I In: 



human interface to the instrument as friendly as possible, 
yet still retain the ability to do a variety of highly complex 
tasks. A number of approaches were considered. A fully 
instrument-oriented approach, with the various parameters 
ol the measurement setup entered one at a time, seemed too 
restrictive and noncommunicative. A menu approach, with 
a list of questions or options to he selected for thn measure- 
ment task, seemed communicative but was too slow in 
practice if only minor modifications were desired. The ap- 
proach selected is user-oriented, with a sentence structure 
Input This approach seemed most natural and versatile, 
and is very fast for minor data modifications 

The command formats are designed to accomplish a basic 
set of tasks: 

1. Data transfer and formatting 

2. Output of operational information [labels) 

3. Plotter or device parameter setup 

4. Variance format control 

5. Interrogation of status 
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6, Clearing from memory of standards, methods, or balance 

7. Initiation of a method run 
H. Pause during a method. 

The general form of a command is as follows, 

[source] [to] [destination^]] [calculation process] 

[DISPLAY PARAMETERS] [EXECUTE] 

To make the entry of commands efficient, the keyboard 
(Fig. 1] is arranged so that the general flow of a command 
keystroke sequence is from the upper left to the lower right of 
the keyboard, terminating with the EXECUTE key. 

As keystrokes are entered, they are echoed on the CRT 
screen (Pig. 2). Error checking occurs with each entry. II an 
entry error is detected, the system moves a cursor to the 
offending entry, beeps, and displays an explanation of the 
error (Fig, 3). To correct errors, the cursor can be moved in 
and out oi tiie line and keystrokes inserted, deleted, or re- 
placed. 

There are two basic statement types: explicit and impera- 
tive. An example of the explicit entry of a command might 
be; 

DISPLAY TO PLOT ABSORBANCE A 350 TO 7CJ0 EXECUTE 

in the imperative form, the source and destination are in- 
ferred without the use of the TO key. An example to perform 
the same operation is: 

PLOT ABSORBANCE A 350 TO 700 EXECUTE 



Fig. 1. 845QA keyboard is ar- 
ranged so thai the general flow of a 
command sequence is from the 
upper (eft to the lower rsght 



The calculation process entry can be as simple as the 
absorbance value or somewhat more complex. An example 
is the direct calculation of pH from Hn i .spectral measure- 
ment of a pH-sensitive dye: 

MEAS \7.22 + 1.121 * LOG (ABS 426 TO 4407 AB.S 554 to 566)) 
EXECUTE 

This command line specifies that a measurement be made 
and the average absorbance from 426 to 440 nm be divided 
by the average absorbance from 554 to 556 nm. The 
logarithm of this result is calculated and multiplied by the 
value 1,121, and 7.22 Is added to the result. Statistical error 
analysis is done automatically for each measured value and 
each compuled result. This flexibility in the command pro- 
cess allows the user to tailor the data processing to specific 
applications. 

In addition I o single-line commands, the 84 50 A can store 
several command lines as a method. When executing a 
method, the 84 511 A sequentially steps through the stored 
command lines, which may include audible and visual 
prompting for the operator, This allows com plex operations 
to be executed with a single key stroke sequence. As many as 
100 methods, each with up to 20 lines, can he stored. 
Methods can also be edited and saved in memory or on 



MERS BflL TIME X, 



This flexibility in the command format promotes a friendlier 
interaction with the system. 

C Calculation process and display parameters are defaulted 
to most likely values at turn-on and their most recent entries 
are maintained until specifically modified. Therefore, the 
example above coo Id have been: 



PLOT EXECUTE 

The 8450A is largely a state-operated machine. This means 
that operational definitions are set up and sequenced 
through regardless of the keyboard entry order. .Thus the user 
can define ao operation in essentially any order or level of 
detail. 



X 200 TO ©00 

Y-SCRLE RUTO 

RBS 

DISP TO DISP 



Fig. 2. Keystrokes are echoed on the CRT 
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ME*S fiBS TIME X Z50 TO B45 

645 7 

UM3VO I ongth > 400 must b* tuon 



X 200 TO 

Y-SCALE AUTO 

RBS 

DISP TO DI5P 



Fig. 3. An entry error causes the system to beep and display 
an explanation of the error, 

cartridge tape for subsequent use. 

Optical Measurements 

The optical measurement data acquisition section of the 

8450A operating system firmware controls the position of 
the beam director, sets the gain of the photodiode array 
preamplifier, reads thedala.and performs the measurement 
calculations. The data acquisition module consists of tour 
submodules that are coupled only by status Bags and data 
storage areas and do not jump to or call one another, Each 
submodule is either called by other sections of the firmwure 
nr exec: u led when an interrupt occurs. The first sub module, 
measurement Initialization, is called at power-on to in- 
itialize status flags and parameters used U\ the uther mea- 
surement submodules, and is nut called or exei nted at any 
other lime 

The second submodule. measurement control, deter- 
mines the sequence of data acquisition operations. The 
diode array clocking circuitry sends a seriqsoi interrupts to 
the system at ion-millisecond interval v rind this stib- 
module determines the procedure to be executed when the 
next series of diode array interrupts occurs. 

The data acquisition module, the third submodule, Ifi 
entered when the diode arrays Interrupt, Since each diode 
has a gain value associated with it. the first operation is to 
the next gain value to be used hy the hardware. Then a 
value from I he analog- to-digital converter is read and some 
preliminary calculations are performed before storing the 
results in a data buffer These calculations can beany of five 
different types, depending ou the control information set 
up by the measurement control module. After processing 
I he data from a single diode, control is returned to the 
program that was interrupted. 

The program execution time of the data acquisition sub- 
module is extremely critical to the performance of the 
8450 A, When the diode arrays are interrupting to he ser- 
viced, the time helween individual diode Interrupts is only 
125 microseconds. The calculations required, if done in 
software, would take longer than the time helween inter- 
rupts. To increase the speed of the calculations, a sixteen- 
I j 1 1 hardware multiplier is used. With the hardware multi- 



plier the calculations take between 60 and 80 microseconds. 
This still does not leave much time before the next interrupt 
occurs. In addition, each time a diode array interrupts to 
request service, the system must respond to the interrupt 
and write the next gain value to the hardware within 62 
microseconds or an error condition will occur and the sub- 
sequent data will be invalid. These constraints made il 
necessary to develop an extremely efficient interrupt ser- 
vice procedure. 

By keeping the external register base of the MC5 proces- 
sor* set to the diode array register base whenever the inter- 
rupt system is on, the interrupt service routine saves the 
time necessary to read the current register base, slore it in a 
memory location, and set up the required register base. The 
priority encoding feature of the MC5 processor enables the 
system to select the appropriate service routines within one 
instruction after reading the external interrupt status regis- 
ter. The entire software overhead for an interrupt, including 
saving the current status to free an internal register for use 
and selecting the service routine, is only 1U.4 mi- 
croseconds. To be sure that the diode array is completely 
serviced, the interrupt system is turned off to assure that 
other interrupts do not interfere and cause the processing 
interval to exceed 125 microseconds. This is allowable be- 
cause the diode array has the highest priority of all inter- 
rupts. 

Measurement Calculations 

The measurement calculation routines, which are in the 
fourth submodule, are an innovative feature oi the new 
UY'Vis spectrophotometer, Not only are the results calcu- 
lated from the raw data, but the uncertainty or standard 
deviation of the results is calculated as well This is the first 
commercially available analytical instrument that tells I he 
user how much confidence should be placed in the results it 
is reporting. 

Each (iala point is made up of a series of measurements for 
which the average value is computed. Instead of simply 
summing the data, the system stores the first value, then 
sums the differences between I [it 1 first and subsequent val- 
ues in another location until the integration time is com- 
plete. The purpose of this is to acquire the necessary sum 
without the danger of possible overflow conditions for long 
Integration periods. The equation for the average then looks 
like this: 

n 

M 

At the same time the sum of the squares of the differences is 
stored for the variance calculation We now have the sum of 
the differences and their squares for the variance equation: 

** i-1 i = l J 

This is the basis for the calculations done on all data ae- 

*Tna MCS processor is a 5-von version of HP's silicon-an-sapphire MC* (see reference 1 ) 
The register base oi she MC5 is an flghi-bir register (hat is used 10 keep ir... 

f&gtaffefl during inputtoiitpul operations Externa! devices suctl as trie diOde 
08cJ> nave one or more pighi- reg-Tipr rjpififcs Only one at a possible 256 banks may 
be accessed at any Time, and [he registet base specifies when one 
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quired, including sample, reference, and dark current mea- 
surements. 

To initialize the entire measurement sequence at turn-on, 
the beam director is commanded to find and verify the 
presence and positions of the installed cube-corner reflec- 
tors. With this information available, and having verified 
that I here are at least two cube corners present, the system 
then adjusts the preamplifier gain value for each diode such 
that the measured intensity is in an optimum range for the 
analog- to-digital converter [ADC]. After the turn-on se- 
quence or a measurement sequence, while the system is 
waiting for a command input, it takes a series of dark cur- 
rent measurements. With the beam director in resting dark 
position and no signal light failing on the arrays, sixteen 
frames of dark currenl information are integrated into a 
sliding average. This average of the latest sixteen frames of 
dark current signal is then subtracted from the sample/ 
reference measurements to reduce the contribution of the 
dark current noise to the overall measurement uncertainty. 

Most systems either require matched or very minimally 
different sample and reference paths so that they can 
achieve good common mode rejection and flat response as a 
function of wavelength, In practice, this is impossible to 
maintain. The 8450A achieves better performance by actu- 
ally measuring and storing the degree of optical balance, 
This balance information is updated on demand. The user 
puts both the sample and reference paths into a reference 
state, for example by installing two sample cells (cuvettes) 
that both contain solvent. The keyboard sequence MEA.Si KF 
BALANCE EXECUTE causes the system to measure the two 
paths and calculate the ratio between them, This ratio is 
stored in a buffer for later use. The equation is 



measurements have been taken, the final calculations for 
absorbance and statistics are initiated. 



A = -log U| 



1( >e 10 
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where B is the optical balance. S' is the sample path mea- 
surement with the sample path in a reference state, R is the 
reference path measurement, and D is the dark current 
measurement. 

The error analysis is also carried out and stored as the 
statistics of the balance. Usually, the balance is measured 
for a period longer than the sample measurement to 
minimize the impact of its uncertainty on subsequent ab- 
sorbance measurements. 

Measurement Sequence 

The actual measurement sequence is determined by the 
measurement control submodule from the parameters 
specified in the user command, For a one-second measure- 
ment, the beam director starts from the resting dark posi- 
tion, it is commanded to move to the sample position, and 
when the system verifies that it is there, the sample integra- 
tion begins. When complete, the beam moves to the refer- 
ence position, and after verification of a successful move, 
the integration cycle for the reference path is initiated. After 
the sample and reference measurements, the beam is re- 
turned to the dark position and one additional dark mea- 
surement is made For the 16-framo running average. 

While new data is being acquired, the statistical informa- 
tion is calculated for the cycle just completed. When all the 



S-D 
R-D 



A fast table-lookup algorithm for the calculation of 
logarithms with interpolation for the necessary precision is 
used to attain the speed required to complete the calcula- 
tions for all 401 wavelength values and their statistics 
within one second. 

This process provides the mean value for the absorbance 
and the estimated variance about the mean value. To reduce 
the amount of memory required to store both pieces of 
information, a special two- word compressed number for- 
mat was developed, The format allows for more than the 
necessary precision in the absorbance range and sufficient 
resolution for an accurate representation of the standard 
deviation tr. 

Data Processing 

Once the absorbance data from the measurement has been 
calculated, the user may want to process the data further to 
obtain the results in a format suitable for a particular appli- 
cation. This function processing can include wavelength or 
time-dependent functioos as well as functions resulting in a 
single number, The function command can refer to absorb- 
ance, transmittance, or a mixture of measurement data and 
arithmetic operations* 

Before processing the data, the firmware performs a series 
of checks for compatibility of the source of the data T the 
function to be calculated, and the destination of the calcu- 
lated results. After the function processing, any of several 
post-function calculations may be specified. These include: 
PEAK-FIND, SMOOTH, AVERAGE, and CONCENTRATION. 

When a spectrum is displayed on the CRT, the cursor 
arrows on the keyboard may be used to search the spectrum 
for maxima, This can also be accomplished by use of the 
PEAK-FIND function. Depending on the wavelength limits 
and the signal-to-noise ratio of the data, PEx\K-FlND will 
locate up to thirty peaks or valleys in the spectral data and 
provide a tabulation of these results. 

The measurement of very small signals in the presence of 
random measurement noise can be a problem, The ability to 
smooth or filter the data is a key element in being able to 
extract information from an otherwise unusable spectrum. 
A Savitsky-Golay algorithm 2 is employed in the 8450 A, and 
the number of data points for the SMOOTH function can be 
specified by the user [from 5 to 25). 

The AVERAGE function, as it implies, calculates the aver- 
age of a specified range of data. It can be used to increase the 
signal-fo-noise ratio of a measurement: data from several 
wavelengths can be averaged, effectively increasing spec- 
tral bandwidth, to provide data that is less sensitive to 
instrument noise, When applied to the first time derivative. 
the AVERAGE function provides the average rate of change 
of time-dependent measurement data. This information can 
be used in further kinetic calculations, such as activity 
coefficients of enzymes, 

A primary function of a UV/Vis spectrophotometer is the 
determination of concentration, or how much of a particu- 
lar solute is in a sample. 84 50 A concentration calculations 
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are all based on Beers Law, which states that concentration 
of a sample is proportional to its measured absorbance 
value: 

C = KA 

where C is the concentration of the sample. A is absorbance, 
and K is a proportionality constant given by 

K = 1 -(absorptivity * sample path length). 

The concentration of a sample is usually measured rela- 
tive to the measurement of a known concentration of a 
prepared sample. Since the ratio of concentration to absorb- 
ance for the unknown sample and the standard are equal, 
the concentration of the sample is calculated as follows: 



where C u is the concentration of the unknown sample, 
A u is the absorbance of the unknown sample, C s is the 
concentration of the known standard, and A s is the absor- 
bance of the known standard. 

This type of calculation is the traditional procedure for 
calculating the concentration of a single solute in solution. 
The command CONCENTRATION D calls for this calculation, 
but also allows the user to improve the precision of the 
calculation by using several standards at different concen- 
trations. Here the 8450A differs significantly from tradi- 
tional instruments, using parameter estimation methods to 
estimate the most likely straight-line fit when more than 
one standard is specified. 

In the real world of chemical spectrophotometry, there 
are deviations from Beer's Law. These can he caused by 
chemical interactions or by instrument non linearity at high 
absorbance values. CONCENTRATION 1 through 3 specify 
routines that allow the user to compensate for these devia- 
tions. Whereas CONCENTRATION specifies a straight-line 
fit with an intercept th rough the origin (Beer's Law), CON- 
CENTRATION i allows for some fixed offset from the origin 
by adding a term to the Beer's Law equation: 

C = K,A - K„ 

where K Q is the offset from the origin. 

CONCENTRATION 2 corrects for nonlinear! ties but still 
forces the intercept through the origin. The equation for this 
routine is as follows: 

C = K> A* * K a A 

where K 2 is the second-order curvature. 

Finally * CONCENTRATION 3 provides correction for both 

nrinlmtMNly ,ind afixed offset from theorigin by the follow- 
big equation. 

C = K.A 2 f K,A -f k„ 

The K values in the above equations are estimated by an 
algorithm thai fits a line to the values from the standards. 
This is actually a two-step procedure consisting of a Mrs J 
pass that estimates the parameters (K n .k ]( k^j using an 



ordinary least-squares fit. 3 Then, using the uncertainty of 
the standards, a second estimation is made using a 
maximum-likelihood method. 3 When the curve is fitted to 
ihe values of the standards, the higher-accuracy standards 
are weighted more heavily so they exert more influence on 
the curve. The curve-fitting process computes the estimates 
of the K values and the errors in the K values, and takes any 
covariance between them into account. These estimated K 
values are then used with the measured absorbance to cal- 
culate the concentration, The errors are also combined to 
estimate the uncertainty or confidence level of the concen- 
tration results. 

The user can determine which concentration method 
should be used for a particular series of standards with the 
STAT! S CONCKNTKATION (o through 3 J procedure. STATUS 
CONCENTRATION does the calculations for the estimation of 
?hu K values and displays these values on the CRT, The 
percent deviation from the calculated curve for each stan- 
dard will also be displayed. The user can very quickly try 
each concentration procedure to determine which has the 
least deviation from the calculated calibration curve. 

Multicomponent Analysis 

One of the limitations of conventional spectro- 
photometry is that a relatively pure sample has always been 
needed to measure concentration. This necessitated addi- 
tional chemical preparation of the sample before the 
analysis, The 8450A does not have this limitation. 

Beer's Law P which says that absorbance is proportional to 
the concentration of sample in the light path, is also true 
when there is mare than one absorbing species in the same 
solution. The total absorbance can be described as follows: 



- b£ *iQ 



where A is absorbance , b is sample path length, ^ is the 
absorptivity of species i. and Cj is the concentration of 
species l 

Two basic conditions must be met before the B450A can 
calculate the concentration of a multicomponent mixture. 
One is that all of the absorbing species must obey Beer's 
law. The other is that all the components in the mixture 
have been identified as standards. The procedure for a mul- 
ticomponent analysis is simple, First, a spectrum of a 
known concentration of each species is measured. The re- 
sults are stored in the 84 50 A as standards (for example, 
standards 1* 2. and 3) along with their concentrations. A 
mixture of these species can then be measured and the 
concentration for each component calculated by simply 
entering the keystroke sequence; 

MEASURE CONCENTRATION 4. 1 TO 3 EXECUTE 

The calculated results will be displayed on the CRT in a few 
seconds. The H450A performs the calculation by finding the 
proportions of each standard that best match the unknown 
spectrum over the entire data range specified by the user. 
Traditionally, the concentrations for multicomponent 
systems are calculated by solving a series of simultaneous 
equations equal to the number of components in the mix- 
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hire. The user must carefully select the data points for the 
analysis; In the 8450A, the user simply selects a data range 
and I he parameter estimation techniques weight the data 
points proportionally to the variances of the standard and 
the unknown measurement Hence, where the precision of 
the measurements is very good, the data will be weighted 
more heavily than where the precision is poor, The 8450A 
overdet ermines the system [more data points than un- 
knowns], and provides three additional pieces of informa- 
tion to inform the user aboul the performance of the mul- 
ticomponenl calculation, They are relative fit error, inde- 
pendence of standards, and relative standard deviation of 
each component. The relative fit error is an indication of 
how well the algorithm was able to fit the unknown mea- 
sured curve to the sum of the standards generated by the 
computer. An increasing relative fit error is an indication of 
some form of analytical problem. The independence n! 
standards is a measure of the orthogonality of the specified 
standards. As theindividual .sfandardsbecome less and less 
unique, the muJticornponent algorithm has greater diffi- 
culty distinguishing between them. This can lead to errors 
in quantitation of the individual components, Since all of 
the computed uncertainties are carried through all of the 
calculations for concentration, the relative standard devia- 
tion of each component can also be provided. These three 
additional pieces of information help the user monitor the 
p erf orma n ce of t h e m u 1 1 i componen 1 proced u re. Tra d i t i r ma 1 
muJticornponent techniques do not provide this informa- 
tion, so analytical problems may go unnoticed. 

All of the concentration routines on the 84nt)A work with 
both wavelength-dependent and time-dependent [kinetic) 
data, This provides the exciting capability of quantifying 
components of a mixture of simultaneous kinetic reactions. 

Information Display and Peripheral Communication 

The primary device forthe display of results and informa- 
tion is the CRT. The CRT display can show alphanumeric 
information and up to two graphic plots simultaneously 
(Fig, 4). In addition, the user can communicate with exter- 
nal devices for generating a hard copy of results or saving 
data and methods. Communication with a remote desk- 
top computer or larger computer is also possible. Com- 
munication is established by connecting these devices to 
either the HP-IB (compatible with IEEE 488-1978) or the 
RS-232C connectors on the rear panel of the instrument. 
The CRT allows the user in manipu late the data and format 
the results before sending the data to an external device. 
This scratchpad aspect of the CRT display saves time and 
material (paper, etc). 

A common form for the data is a spectrum, which is a 
series of plotted data points. Once the user has specified the 
display limits of the spectrum, the command PLOT EXE- 
CUTE causes the spectrum to be transferred for hard copy. 
Plotting can be done by any one of three HP-IB plotters: the 
HP 7225 A X-Y Plotter' the HP 9R72 X-Y Plotter, or the HP 
7245A Plotter' Printer. When the PLOT EXECUTE command 
is executed, the firmware will determine which plotter is 
connected and use the appropriate programs. The firmware 
will also take care of the necessary HP-JB protocol so that 
the user requires no intimate knowledge of the interface. 
After the spectrum is platted, the user can label the plot 
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Fig, 4, CRT can show two plots simultaneously along with 
alphanumeric information. Data can be corrected and format 
ted on the CRT before being sent to a hardcopy device. 

with the PLOT "... ,f command. When this command is exe- 
cuted, the user-entered string (in quotes) is printed at the 
top of the plot and the axes are drawn and labeled. Addi- 
tional enhancements to the plots can be made, such as 
annotations of data points, interpolated or noninterpolaled 
plotting, pen color selection (9872 only), selection of seven 
different line types, and other plot formats. 

If a hard copy of alphanumeric data is required, the PRINT 
command transfers the information from the CRT to 3 
printer. As with the PLOT command, the PRINT program 
searches to find an HP-IB printer. If there is no HP-IB 
printer, the program tries to print the information on a 
plotter. The information can a 1st) be directed to the serial 
interface when an RS-232C printer is available. 

The HP 9875 A Cartridge Tape Unit can be used to store 
[lata generated by the 84 50 A. It can also he used to store 
programmed methods for use with the 8450A. 

Decision making, or an IK THEN statement, is not a capa- 
bility of the 8450A T but can be accomplished through com- 
munication with a remote computer. The remote computer 
can receive data through the RS-232C interface port 
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port either in ASCII characters or in the 84 50 A 's internal 
data format (two- word compressed format). The remote 
computer can also completely control the 8450 A by send- 
ing commands via the interface. This allows the computer 
to make decisions about further measurements based on the 
transferred datd. 
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An Optical System for Full-Spectrum 
Measurements 



by George W. Hopkins and Alfred Schwartz 



A MEASUREMENT SYSTEM is only as good as the 
basic transducer. In a modern spectrophotometer, 
that transducer is an optical system with an electro- 
optical detector, 

Design of an optical system for the 8450A UV/Vis Spec- 
trophotometer posed certain special problems, since con- 
ventional configurations did not provide adequate speed 
and quality, It was recognized from the start that a serially 
scanned monochrome for with mechanical drive would be 
at leas! two orders of magnitude top slow at the scan rates 



necessary to provide an acceptable signal-to-noise ratio. 
The approach taken w r as to adopt newer technology, specif- 
ically photodiode arrays in com hi nation with hnlo- 
graphically recorded diffraction gratings. These gratings 
use aberration compensation to image sharp spectra onto 
the photodiode arrays. Other modern techniques, such as 
servo systems for image positioning and replication* of 

"Rapl-cation ib the process ol transferring >.\ ie opl caj tornt Irom a precision masler mtffCM CO B 
TaiaTivRly inexpensive macnmeo part A thm layer of epoay cemenl is used to lill m d-tiei- 
ences between the mac Mined part and the deseed surface 
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Fig. 1. The folded optical system 
of the &450A Spectrophot 
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exotic optical surfaces, are also used. The result is an in- 
strument with highly desirable performance levels and 
speeds that were only dreams for the chemical community a 
Few months ago, 

Optical System 

The optical system, pictured in Fig, 1. is divided into 
three principal sections. In the source section, two light 
sources are combined and focused on a source slit. In the 
sample section, two con focal elliptical mirrors relay the 
light from the source slit through the sample, which is at the 
common focus of the ellipses, to a second (spectrograph) 
slit. In the spectrograph section, the light from the spectro- 
graph slit is diffracted into spectra by a holographic grating 
and then detected by diode arrays, 

The first element in ihe source section is a 20W 
tungsten-halogen lamp. Its filament is imaged through a 
spectral flattening filter onto the aperture of a see-through 
deuterium lamp. Two standard infinity-corrected achro- 
mats, used face-to-face, form the condenser lens. 

The tungsten flux combines with the deuterium flux, and 
the deuterium-arc/tungsten-filament image is then reim- 
aged onto a G.120-mm-by-G\6Q0-mm source slit, A repli- 
cated ellipsoid with the lamp at one focus and the .slit at the 
other focus serves hs the condenser mirror. 

In the sample section the source slit is imaged into 
the sample area by another replicated ellipsoid at 7.4 
magnification. 

Two Oat mirrors on a common shaft move the light beam 
tod ifterent sample positions. The shaft rotates about an axis 
perpendicular to the plane defined by the sample section 
ellipsoid foci. The shaft is under control of the computer 
and a servomechanism [#ee article, page. 34). The shaft, its 
mirrors, and the associated mechanical and electronic parts 
are called the beam director— the only moving part in the 
optomechanical system, 

Light diverging from the common ellipsoid focus at the 
sample cell position strikes a field lens, which is located as 
close as mechanically feasible to the sample position, This 
field lens images the first sample section ellipsoid onto the 
second sample section ellipsoid to reduce clear aperture 
requirements at the second ellipsoid and to increase flux 
through the system. 

Next are three flat mirrors. The mirrors form a cube corner 
whose diagonal intersects the beam director shaft midway 
between the centers of the two beam director mirrors. The 
cube corner returns the entering beam back along the direc- 
tion it entered. The returning beam lies parallel to the enter- 
ing beam, but on the opposite side of the cube corner 
diagonal and equidistant from IL The vertex of the cube 
corner is located at the proper distance to allow the sample 
area image to be focused onto the spectrograph slit when a 
10-mm sample cell with aqueous solution is in the beam. 

After reflection from the lower beam director mirror, light 
is focused onto a Q.05-mm-by-i).5(n)-mm slit by the second 
sample section ellipsoid, which is identical to the previous 
one, A high-quality image of the O.]20-mm-by-0,600-mm 
source slit is formed on top of the spectrograph slit, The slit 
jaws are chisel mirrors tilted at 15 degrees to direct light 
from t h e si des of the i mage ont o photod iodes on each side of 
the entering beam. These diodes provide a signal for the 



servomechanism that controls the beam director shaft loca- 
tion by balancing signals from the two diodes (see page 24 ). 

In the spectrograph section, light passing through the slit 
strikes two holographically recorded diffraction gratings. 
These gratings have semicircular boundaries with a vertical 
line of separation. They are formed on a common substrate. 
The grating lines are tilted at 3,5 degrees to the vertical to 
separate their spectra. A pholodinde array is positioned at 
the first-order spectrum of each grating. These arrays each 
use 200 elements. One grating, the UV grating, covers 200 
nm to 400 nm, and the other grating, the Vis grating, covers 
400 nm to 800 nm. 

Absorption filters are located over appropriate portions 
of the diode arrays to eliminate signals from second-order 
spectra, The negative-order spectra strike a blackened sur- 
face beneath the arrays as a result of the tilted grating lines. 
The grating substrate is at a 0.75-degree angle horizontally 
with respect to the incoming beam to cause the zero-order 
spectral line tci strike a blackened surface to one si tie of the 
slit. 

Three windows protect portions of the optical system. 
The first is located after the upper beam director mirror. 
This is a long rectangular fused-silica piece similar to a 
microscope slide. It is perpendicular to the beam at the 
central sample cell position and is called the fence window. 
The fence window and the field lens, which serves as a 
second window', isolate the sample area from the interior of 
the instrument. A thin fused-silica disc is located just before 
the final slit to permit sealing of the spectrograph. 

Measurement Cycle 

The 84 SUA Spectrophotometer makes relative measure- 
ments, as do all spectrophotometers. As a preliminary step, 
a balance spectrum is taken, with identical sample culls 
containing solvent at the reference and sample positions. 
The differences in counts between the two positions are 
stored. Then the cuvette at the sample posit ion is emptied of 
solvent and filled with the solution to be measured, The 
beam is again steered between the two positions and spectra 
are taken. The microcomputer then calculates a sample-to- 
reference ratio and corrects for the balance spectrum and a 
dark current spectrum to determine the absorbanie spec- 
trum of the sample, 

During each measurement cycle, the microcomputer 
steers the beam director to an address where it found a cube 
corner during startup. This places the beam onto the spec- 
trograph slit The beam director servo system locks the 
beam onto ihe slit and holds it there w r ith in three seconds of 
arc while the detector diodes integrate the signal and are 
read out. The computer then steers the beam director to the 
next address and the cycle is repeated. 

Design Philosophy 

Some challenging engineering problems had to be solved 
to make the 8450 A a reality, An optical system was required 
that could provide data at a rate that would complement the 
computing power available. This required invention and 
substantial subsequent development work, often in cooper- 
ation with our vendors. The guiding principle was 
maximum exploitation of state-of-the-art technology 

Oor basic engineering philosophy was to provide cus- 
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tamers with a reliable and easily repairable instrument. 
Specific design objectives : 

■ The optica] system would be integrated with other sys- 
tems to obtain the performance and speed desired. 

■ Field adjustments in the optical system would be 
minimized to simplify user maintenance and field repair. 
Factory adjustments would be made as required to obtain 
maximum performance margins. 

• Modularity would be achieved at th- possible 
level to reduce repair costs and speed repii 

* The system would be packaged for compactness, 
ruggedness, and ease of external access by the user, 

Design Problems 

The source section must produce a spectrum of energy 
from 200 to 800 nm without switching lamps during a 
measurement. This requires combining of the beams from 
two light sources and is accomplished with a see-through 
ultraviolet lamp. Refractive elements cannot be used after 
the ultraviolet source, so a replicated source (condenser) 
mirror with an ellipsoidal surface is used to provide the 
spatial and Spectral uniformity required in the beam. 

The relay optic must transfer an image of the source slit 
into the sample and then onto the spectrograph slit so that 
variations in the flux passing to the grating caused by any- 
thing other than absorbance in the sample are less than one 
part in ten thousand. To achieve this, the beam director 
must position the source slit image accurately on the spec- 
trograph slit. If the beam image is highly uniform, an ac- 
ceptably low variation in flux will be achieved at a less 
liii.urate level of beam director repeatability. Analysis of 
this problem required development of a theory to relate 
performance [flux variation) to optical component quality 
and alignment, 1 Once this theory was available, system 
performance was analyzed at different levels of modularity, 
starting at the component level. This process continued 
until an acceptable compromise was achieved for the level 
of field assembly replacement, the expense of making ad- 



justments* and a suitable margin for residual misalignment 
of components. The result is that most optical components 
are factory adjusted to midlevel assemblies and are fixed in 
place, insuring accurate and rugged alignment while still 
permitting replacement of modules with moderate cost. 

The spectrograph contains a diffraction grating with line, 
almost straight, almost parallel lines that diffract or dis- 
perse light at different angles depending on the wavelength 
or the light. This grating also reimages the spectrograph slit, 
which is the same size as individual diodes in the photo- 
diode array . onto the diode array. Because of dispersion, 
light of different wavelengths forms images of the slit on 
distinct diodes. Two problems occurred in the design of the 
spectrograph. The instrument covers two octaves, that is, 
200 nm to 400 nm and 400 nm to 800 nm. If a single grating 
were used, the spectra generated by light from 200 nm to 
400 nm would overlap spectra generated by light from 40U 
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Holographically-Recorded 
Diffraction Gratings 



The holographic grating in the 8450 A Spectrophotometer is pro- 
duced by placing a photosensitive coating on an optically polished 
spherical substrate. This coating js exposed by a strong laser beam 
that is split m two and directed onto the coated substrate from two 
specific points, 

Interference fringes are formed in the space where the recornbined 
beams overlap. The bright fringes expose the photosensitive coating, 
and with development, grating grooves form at the fringe locations 
When the developed coating is given an overcoating of aluminum, a 
diffraction grating results, A replication technrque similar to that used 
for the ellipsoidal components is used to produce less expensive 
gratings Irom hotographically-recorded master gratings 

Aberration correction of the gratings is a result of proper choice of 
the directions and divergence points of the beams from the laser 
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ager at the Opiical Sciences Center of 
The University of Arizona. George joined 
HP in 1977 to work on the 6450 A Spec- 
trophotometer Active in the Society of 
Photo-Optical Instrumentation En- 
gineers and the Optical Society of America, he's authored five pro- 
fessional papers, organized and chaired conferences, and taught 
optical engineering George was born in Sewanee, Tennessee and 
served in the US. Air Force lor three years. He's married, has a small 
daughter, and lives in Sunnyvale, California, His interests include 
amateur radio and making telescopes. 
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nm to fSOO nm because a diffraction grating forms multiple 
spectra. Second, aberration can be compensated at one 
wavelength only and will increase with increasing differ- 
ence of wavelength from the compensated wavelength. 
Third, grating efficiency would decrease to unacceptable 
low levels if a single grating were used to cover two octaves. 
I "hese problems are solved by using two gratings on the 
same substrate. One grating covets 200 nm to 400 nm and 
the other covers 400 nm to 80U nm. Aberration can now be 
corrected at two wavelengths [one for each grating], each 
grating covers one octave only, and the gratings can be 
tilted slightly so that the multiple spectra from one grating 
will not overlap the main spectrum from the other grating- 



Conclusion 

The optical system permits a full-spectrum measurement 
in one second and attains a performam i level not found in 
earlier instrumentation. The instrument particularly excels 
in measurements at very low absorbs nee levels as a result of 
its short measurement cycle [contributing to stability] and 
the care used in design and assembly of the optical system. 

Reference 

1, G.W. Hopkins. RC Nordman. and B.C. Willis, "Optical and 
Optomechenical Design of a High-Throughput UV/Visible Spec- 
trophotometer,'' Proceedings of the Society of Photo-Optical In- 
strumentation Engineers, 1 ' Volume 191, 1979. pp. 48-55. 



Light Detection and Measurement in a 
High-Performance Spectrophotometer 



by Knud L. Knudsen and Robert W. Widmayer 



THROUGH THE USE OF HIGH-TECHNOLOGY elec- 
tronic systems, a great deal of the cost and complex- 
ity of an optomechanical measurement system can 
be eliminated. The 84 50 A Spectrophotometer achieves 
performance levels that are unattainable for conventional 
optomechanical systems. Integration of lis electronics with 
its optomechanical system makes this performance pos- 
sible without sacrificing low cost or prod ucibi lily, Also, 
with its microcomputer and solid state memory, the H45UA 
<an adapt dynamically to disturbances that otherwise 
would degrade system performance. 

The election ics in the 84 50 A Spectrophotometer may be 
divided into three subsections: the input section, where 
incident light energy is translated to an electronic measure 
understandable to the microprocessor system, the beam 
director section, where the optical path is dynamically al- 
tered to serve multiple sample stations while guaranteeing 
photo reproducibility, and the microprocessor control and 
data system, where internal and external information is 
manipulated to produce answers immediately useful to the 
user An overall block diagram of the electronics is shown 
in Fig. 1. The input system is described in this article. The 
beam director is described beginning on page 24, and the 
processor description begins on page 29. 

Input System 

Instead of using a single broadband photodetectoi that is 
mechanically scanned across the photo spectrum, the 
845QA detects all elements of the spectrum simultaneously. 
Its photodetector consists of two silicon integrated circuits 
each containing 211 photosensitive diodes and 211 storage 
capacitors. The light to be detected is projected onto a 
bi-zone holographic dispersion grating that separates the 



light into its individual wavelength components. The re- 
flections from the two halves of the grating are projected 
onto the photosensitive areas of the two detector arrays. 
Although each photodiode in the array is a broadband de- 
tector, its fixed position in relation to the dispersion grating 
defines the wavelength band of flux that strikes it. Thus the 
intensity signal tor each photodiode may be treated as a data 
point in the frequency [wavelength] spectrum. 401 of these 
points make up an intensity- versus- wavelength spectrum 
of the incoming photo flux. 

The photodiode array la an HI '-manufactured PMOS* 
integrated circuit that is over *fa inch long. Each photosensi- 
tive diode in the array is 0.05 by 0.500 mm and has a 
spectral response that extends well beyond the 200-to- 
HOO-nm specification of the 8450 A, An extensive research 
program yielded a proprietary process for eliminating deg- 
radation of the integrated circuit caused by long-term expo- 
sure to ultraviolet light. This in conjunction with extended 
temperature life tests results in an anticipated life greater 
than five years. A photomicrograph of the photodiode array 
chip is shown in Fig. 2. 

A functional block diagram of the diode array chip is 
shown in Pig. A. In parallel with each of the 211 photo- 
diodes is a 10-picofarad storage capacitor, These diode- 
capacitor pairs are sequentially connected to a common 
output signal line through individual MQSFET* switches. 
When a FKT switch is closed, the preamplifier connected to 
this signal line forces a potential of -5 volts onto the 
capacitor-diode pair. When the FET switch is opened again 
thr current resulting from the light striking the photodiode 
causes the capacitor to discharge towards zero potential. A 

'PMOS P-cnarnei m eta!-G:--de-aemicari£iuctar 
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ure of quality for systems like this is the degree of 
charge loss or leakage that occurs when there is no illumi- 
nation. The diode arrays in the 8450A typically exhibit a 
leakage current less than 0.1 picoampere. This error term 
increases exponentially with temperature, but because the 
initial leakage value is so low, there is no need to cool I he 
arrays to meet performance specifications at high ambient 
temperatures. 




Fig. 2. Photodiode array chip ts a silicon integrated circuit 
containing 211 photosensitive diodes and 211 storage 

capacitors. Two of these chips are used to detect light at 401 
wavelengths stmultane on sly. 



Serial readout of the diode array is accomplished by 
means of a digital shift register designed into the photo- 
diode array chip. At the beginning of the output operation a 
logic one is applied to the data input of the register during 
the first transition of the clock lines. For all subsequent 
clock periods a logic zero is applied to this input, This 
causes the logic one to ripple its way through all 211 ele- 
ments of the register enabling one? diode-capacitor pair at a 
time. 

The signal lines from both photodiodes arrays are lied hi 
the inpul of the first amplifier, which is configured as a 
low-noise charge integrator (see Pig. 4). When a photodiode 
is connected to the array output line as part of the serial 
readout process, the voltage on that diode-capacilor pair is 
forced to —5 volts, and charge lost since this diode was last 
accessed is transferred to the integrator i apacitor Gj. This 
results in a voltage proportional to light intensity at the 
output of the integrator stage. This voltage is stored hy the 
sample-and-hold circuit and the integrator is reset, ready to 
access the next diode. 

The output of the integrator is fed to the input of the 
program ma hie- gain amplifier, which attempts to scale the 
maximum response of each diode to the ADC input voltage 
range. This is necessary because the photocurrenl gener- 
ated in the diodes varies considerably over the spectrum, 
primarily because of variations in the output of the lamps, 
and efficient use of the ADC's resolution is necessary for 
meeting the baseline accuracy specifications. During the 
turn-on diagnostic, when the sample holders are clear of 
absorbers, the instrument finds and stores the highest gain 
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setting commensurate with operation within the ADC's 
input range for each of the 422 diodes. During subsequent 
measurements the processor outputs the appropriate gain 
code for each diode as the serial readout proceeds. 

Noise Compensation 

During the reset operation of the integrator, the closed- 
loop bandwidth of the integrator amplifier is increased 
significantly. This increases the noise charge fluctuations 
at the inverting input node of the amplifier. These fluctua- 
tions are due to the Input voltage noise of the amplifier. 
When the reset switch is opened, a "last" noise charge value 



is present on the inverting input node and this random 
charge appears in addition lo the signal charge when the 
diode is being evaluated. Also, the thermal noise in the reset 
switch leaves a random noise charge on the integrator 
capacitor when the reset switch is opened. This charge also 
appears in addition to the signal charge at evaluation time. 
The effects of both of these noise mechanisms are reduced 
by the analog subtraction circuit shown in Fig. 4. It consists 
of a series capacitor C s and a switch that connects the output 
end of C s to a fixed voltage. This switch is turned on just 
after the integrator reset operation, but before the next 
photodiode capacitor pair is connected to the integrator 
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input. This causes the sum of the noise voltages from the 
two noise mechanisms to be stored on C s , thereby subtract- 
ing this term from the output signal. 

This technique introduces two other noise terms. First is 
the effect of the input noise voltage of the amplifier at the 
time the analog subtraction switch is opened. At this time 
the noise bandwidth of Ihe integrator amplifier is much 
smaller and therefore the noise term is smaller than it was 
when the reset switch was opened. Second is the thermal 
noise in the analog subtraction switch, which is a much 
lower noise term than the integrator reset switch noise 
because C s is significantly larger than Q. 

Analog-to-Digital Converter 

The most expensive and critical single component in the 
signal path is the analog-to-tligital converter |ADC). This 
i i inverts the analog signals at the sainple-and-hold stage 
into 14-bit digital words that are read by the microprocessor 
system. Since the ADC price seems to increase exponen- 
tially with the number of bits converted, careful analysis 
and experimentation were used to determine the necessary 
converter resolution. An extensive numerical modeling of 
noise mechanisms in the system pointed to a 12-bit conver- 
sion. An experiment using a very high-quality 14-bit con- 
verter produced the results in Fig. 5, which experimentally 
verify that ADC resolution beyond the 12-bit level will not 
enhance the overall syslem noise performance. To ensure 
adequate margin, a 1 3-bit converter resolution was deemed 
necessary, and a survey of commercially available ADC 
modules indicated that a 14-bit converter had to be pur- 
chased to guarantee 13 -bit resolution over the operating 
temperature range of the instrument. 

Since the basic measurement of theH4"iu A is a ratio of two 
measurements, each of which has had a noise floor sub- 
tracted, i.e., fS-N]/[R-Nj, the requirements on the ADC are 
considerably eased. Any offset introduced by the ADC is 
cancelled mathematically. Similarity, geometric or gain er- 
rors cancel out of the above expression. Thus the only ADC 
error of significance is conversion nonlinearify, Nonlinear- 
ity was checked at the? evaluation stage and is checked in 
production by a Corcoran, Hornak. Skov 1 method, as illus- 
trated in Fig. 6. The computer in Fig, 6 outputs a series of 
14-bit codes representing ADC code transitions to be mea- 
sured. The measui transit ions are then compared to 
the theoretical locations at perfect code transitions and a 
plot of the resulting error is made on the X-Y plotter. 

Each code transition is measured Using the hardware 
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Fig. 5. Experimental results showing that analog-to-digttal 
converter resolution beyond 72 bits does not enhance overall 
system noise performance. 

configuration of Fig, ti. For example* suppose the computer 
puts out the binary representation of the number 5000, If the 
output of the ADC is less than or equal to 5000 the digital 
magnitude comparator forces an input to the analog inte- 
grator that causes its output to increase monotonically. 
When the output of the ADC reaches 5001 the input to the 
integrator reverses, causing the input voltage to the ADC to 
ramp downward* When the ADC output code reaches 5000 
the ramp is again directed upwards. Thus a closed loop is 
created that causes the average voltage at the ADC Input to 
represent the code transition between 5000 and 5001, This 
average input voltage is measured by an integrating voltme- 
ter whose integration time is about 100 times greater than 
the ADC conversion time. Nearly 5000 points are checked 
and plotted to evaluate a high-quality ADC. Fortunately, an 
automatic lest system can do this in less than 10 minutes, A 
plot for a defective ADC is shown in Fig. 7, Notice the 
differential nonlinearity present. 
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Fig. 7. Cofivemori nontinearity of a defective anaiog-to- 
digttai converter measured by the system of Ftg 6 Nearly 

5000 points are checked to evaluate an ADC 

Resolution 

The 84S0A input section just described is a synchronous 
lime-sampled current amplifier whose least significant bit 
ol resolution represents 2.^8 femtoamperes [2^20X10" -A), 
Because this resolution is significantly less than the shut noise 
of the detection diodes, this noise can be digitized, so that 
several successive measurements can be averaged to further 
enhance system signal-to-noise ratio and provide statistical 
information about the measurements. 
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1, Corcoran, Homak, and Skov, "A High-Resolution Error Plotter for 
Analog-tivPigital Converters/" IEEE Transactions on Instrumentation 
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Servo-Controlled Beam Director 
Provides Major Benefits 



by Mark P, Morgenthaler and Lynn Weber 



THE BEAM DIRECTOR in the 8450 A Spectrophoto- 
meter is an unusual system component found in no 
other instrument, tt solves many measurement and 
manufacturing problems and simultaneously provides 
major user conveniences. In retrospect, it is difficult to 



determine which of these factors was the main impetus in 
the evolution of this new component. It has, however, 
become such an integral part of the B450.A system that it is 
difficult to imagine how a spectrophotometer of this type 
could be built without tt. 
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The beam director servo system performs lite same func- 
tion as the mechanically positioned chopper mirrors in a 
conventional spectrophotometer, in both systems, light is 
directed along two different optical paths by the movement 
of the mirrors. The two paths make it possible to measure 
the sample relative to a reference, thereby eliminating mea- 
surement errors caused by source instability. One reason for 
the beam director, therefore, is to provide a means lor 
swi lolling between optical paths. 

The reason for selecting a servo system instead of a 
mechanical chopper system, however, comes from a more 
fundamental concern. In a conventional spectrophoto- 
meter, placement i ■! the sample cell does not directly affect 
system performance, The beam From the lighi source is 
spool rally filtered before passing through the sample cell. 
Thus sample cell orientation does not affecl the filtering 
process. Detection in I lie conventional system is usually 
i lone by a detector that lias a relatively large aperture. With 
a large-aperture detector, variations introduced Into the 
optical path by sample cell placemen! have little influence 
on the detected signal. 

in the B45GA, however, optical filtering te done after the 
polychromatic beam has passed through the sample cell, 
and detection is accomplished by an array of small-area 
detectors. To assure accurate and re peat a hie wavelength 
calibration, the diodes, the grating, arid the slit of the 8450 A 
are mounted together in a single cast housing. This 
technique provides greater accuracy in wavelength calibra- 
tion than is possible in a conventional system, but maki ■; il 
necessary to assure I kit the beam incident on the spectro- 
graph is aligned properly with the other optics in the in 
strument. In this type pf system, small angular displace- 
ments pf the sample cells will allet t the Optical path and 
disturb the detected intensity distribution and therefore I he 
wavelength separation and detection functions 

Instead of requiring the user to work with an awkward 
high-tolerance sample cell mechanism to avoid angular 
dispiiit ententes the* servo concept was devised. Thus, in a 



manner transparent to the user, angular variations occur- 
ring in the sample cell area are aulomatically corrected. 
This servomechanism is so sensitive lhat it can detect and 
correct variations in the optical path caused by refraction of 
the beam due to thermal gradients present in the air in a 
laboratory environment, Jn this new form of spec- 
trophotometer, the beam director is a necessary component 
that assures proper registration of the beam on the detector 
slil and hence on the grating and detector diodes. 

However, the beam director does more than provide a 
dynamically corrected optical path, Once the electronically 
controlled servo concept evolved, it was relatively easy to 
give the user the option uf multiple sample eel is will) little 
additional expense, Also, manufacturing tolerances in 
other parts of the instrument were relaxed, since the servo 
corrects lor certain misalignments, Thus I he beam director 
has become an integral component of the 8450 A, providing 
Improvements in performance, manufacturability.and user 
convenience. 

Design Concepts 

Besides being Interesting as a new system component, 
the beam director incorporates three novel design concepts, 
The first concept, the slit transducer in the slit servo ti 
makes it possible to position the beam very accurately in the 
presence of large variations in tighi intensity without dis^ 
turbing the loop yahi> The second concept, the adaptive 
control for the coarse servo loop, provides precision control 
wi I ho ut expensive precision components. 

The third concept, the position control system, prn\ i:li 
near optimal control without a tachometer. The functions of 
these three elements are shown schematically in Fig, I, the 
beam director system block diagram. 

Optically the beam director consists of two precision flat 
front-surfaced mirrors mounted on a common shall such 
thai the mirror surfaces are en planar and on the shaft axis 
[seeFig>2J, Theshafi is rotated bv an integral prtntedi i r r mi 
hrushiess dc motor, which requires power only while mov- 



FE8RIJARY l$HJ0 HtWLETT PACKARD JOURNAL 25 



)Copr. 1949-1998 Hewlett-Packard Co. 




Fig, 2. The two beam director mirrors are precision fiat front- 
sur faced mirrors mounted on a common shaft. The shaft is 
rotated by a printed circuit brushtess dc motor 

ing. The stator is composed of four ceramic permanent 
magnets bunded lo two steel plates. The rotor is fabricated 
as an eight-layer printed circuit board with a total of 64 
turns. The beam di reel or is positioned according to com- 
mands sent from I he instrument's microcomputer. 

The beam director is required to complete any movement 
of the beam in less than 146 milliseconds and to settle lo 
within three seconds of arc of its final position in that time. 
Three arc-seconds of shaft rotation represents a lateral beam 
displacement of about 0.5 micrometre at the aperture of I lie 
8450A detector. 

Slit Servo Loop 

Precise control of the beam position is the job of the slit 
loop shown in Fig. 1. To measure and correct for changes in 
the optical path, monitoring of the beam position after the 
beam has passed through the sample is mandatory. This 
necessarily results in a servo loop that is closed by an 



optical path. The beam used to detect I he optical path has to 
be I lie same beam that is used to make the photometric 
measurements, so the slit loop musi he insensitive to the 
enormous spectral arid intensity variations introduced by 
samples of various absorbances and compositions, 

To accommodate these variations and achieve the re- 
quired positioning accuracy, the slit servomechanism uses 
an unusual transducer that incorporates the spectrograph 
entrance slit (see fig. 3). The slit transducer consists of a 
preamplifier and two large-area photodiodes located at the 
spectrograph slit. Each diode is mounted facing one of the 
Spectrograph slit blades The blade surfaces are polished 
and coated in the same way as the other optical surfaces in 
the instrument. Since the width of the beam is nominally 
twice the width of the slit at the spectrograph, approxi- 
mately one-half the total measurement beam is reflected 
[jack to the two slit pholodiodes. 'Hie slit preamplifier com- 
pares the outputs of the two photodiodes in determine the 
relative light level? on each side of Iheslit, II then outputs a 
signal that represents the position of the center of the beam 
relative to I he center of the slit, 

With this balancing form of detector, targe common- 
mode changes in the optical spectrum can be tolerated. This 
type of detector always produces a proper balance regard- 
less of spectral variations, but does cause the Iransducur 
transfer function to vary with Light intensity. To avoid tfee 
resultant variations in loop gain, a logarithmic amplifier is 
used for each diode, and the outputs of the two amplifiers 
are subtracted, making the net output of the slit loop trans- 
ducer proportional to the ratio rather than the difference of 
the light intensities on the two diodes. The transducer 
transfer function is not really linear, but over the small 
range of use that the system optics allow, the slope change 
is imperceptible. The oulpul is therefore independent of 
IntaJ interisily, This type of transducer provides an ex- 
tremely at :cu rale position sens or capable of opera I ing under 
variations in beam intensity and spectral composition ot 
several orders of magnitude while maintaining nearly con- 
stant accuracy and system loop gain. 
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Fig. 4. Two slots built into the motor that turns the rntrror 

shaft are part of the coarse servo transducer. 

Coarse Servo and Adaptive Controller 

The adaptive loop controller provides h means for de- 
creasing the expense and increasing the reliability and ser- 
viceability of this servo system. To control beam movement 
over the entire sample cell area, a coarse loop transducer 
with a large angular range is used. The function of this 
transducer is to provide a means of control during move- 
ments between sample cell positions. Once a new position 
has been accessed, the slit transducer is used for final posi- 
tioning of the beam, rather than the coarse loop transducer. 

The slit detector transducer, as explained previously, is a 
precise imiicatiH nl position, However, it provides position 
information only over a very limited angular range, For the 
slit transducer to perform Ihe final positioning, the coarse 
transducer most position the beam within tlu 1 n Mvi range 



of the slit. This range is very small. The total sample space 
represents about 24 degrees of beam director shaft rotation, 
but the slit transducer is usable over only about three min- 
utes of arc centered on the centerline of each measurement 
beam position. 

Be slit servo provides an absolute position refer- 

ence, information is available to calibrate the coarse servo 
transducer continuously- The two servos, along with the 
instrument microcomputer, form an adaptive control sys- 
tem. This results in a considerable relaxation of the preci- 
sion required of the coarse servo transducer. 

The coarse servo uses a transducer built into the motor. 
This transducer consists of an LED [light-emitting diode) 
source mounted on the lower motor plate, a glass trans- 
ducer window bonded over a hole in the rotor board, and 
two diode detectors with their associated circuitry (see Fig. 
4). The glass window has two circumferential openings, 
one of constant width and one that tapers. The LED illumi- 
nates each detector diode through one of the openings. The 
beam direr tor transducer circuit regulates the LED to a 
constant intensity as perceived by one of the detector 
diodes through the constant-width slot, and outputs a volt- 
age proportional to the intensity of the LED as perceived hy 
the other detector diode through the tapered slot. This out- 
put is proportional to the angular position of the tapered 
slot and hence the angular position ot the shaft. The shape 
of the tapered slot is carefully chosen to linearize the trans- 
ducer output. 

The microcomputer positions the motor by sending digi- 
tal addresses to the beam director system. These are con- 
verted to an analog signal by an eleven-bit digilal-lo-analog 
converter (D AC), This analog signal is then balanced by the 
coarse transducer output. 

The digital address of the beam position is stored in an 
eleven-bit register. The three most significant bits* the 
coarse address, represent one of the live possible beam 
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positions, The least significant eight bits, representing the 
fine address, are actually stored in an up-down counter. 
When the system is using the slit servo, the coarse servo 
loop is open, and the analog equivalent of the address is 
compared to the coarse transducer output. Any imbalance 
detected in this comparison causes the up-down counter to 
increment or decrement until the imbalance is corrected. 
The updated output of the address register is then stored in 
the microcomputer and used in subsequent moves. 

In this way, the microcomputer monitors the position at 
which the beam actually settles and recalibrates the s\ 
continuously, while it is in use. Deviations trom absolute 
stability and linearity can be compensated under processor 
control, thereby eliminating the need for highly stable, ac- 
curate and expensive components. In addition, because the 
microcomputer is an intimate part of the loop, information 
is available that aids diagnosis of actual and potential 
failure modes. This increases system reliability anil 
serviceability. 

The microcomputer is also used to implement a search 
algorithm that determines the active beam positions when 
the 8450A is first turned on. For each of the five possible 
beam addresses (one reference and four sample paths] the 
beam director is swept through the fine addresses until the 
slit preamplifier detects a signal at the slit diodes, The 
adaptive control system is then used to determine the uiosl 
accurate address for each active beam position. This also 
eliminates production calibration for the beam addresses, 

Position Command System 

Several conflicting requirements influenced the design 
of the coarse servomechanism. Many similar elec- 
tromechanical servos share the same performance-limiting 
characteristic — a maximum possible acceleration based on 
an input-current-lirnited magnetic structure, Maximum 
performance for such a servo, meaning that the time re- 
quired for any movement is as short as possible, occurs 
when the system accelerates at the maximum rate for hall 
the distance to be traveled and then decelerates at the 
maximum rate to the destination. This kind of control is 
typically achieved by generating the corresponding linear 
velocity ramps and forcing the moving structure's velocity 
to match these ramps by comparing the ramps in a servo 
loop to the output of a tachometer (velocity transducer] 
attached to the moving structure. 

The B450A beam director had little room for a tachome- 
ter. Therefore, the servomechanism was designed to control 
acceleration by following a position command waveform 
rather than a velocity command waveform. The position 
command is generated by two series integrators (see Fig; S), 
The input to the first integrator is a constant current of 
either polarity that represents constant acceleration in 
either direction. The output of the first integrator is typi- 
cally a triangular waveform that represents the velocity 
profile and the output of the second integrator is the desired 
posit ion- vers Lis-time waveform, The integrator time con- 
stants are just slightly longer than the time constant [the 
rigid body dynamic mode] of the moving structure. This 
leaves some current margin available to assure that control 
of the motor is maintained at all times. 

The integrator output always starts at zero volts, but the 



desired position command must end at zero volts, indicat- 
ing no difference between the desired position and the 
actual position. An initial offset is required that represents 
the displacement of the destination address from the start- 
ing address. A sample-and-hold circuit is used to store the 
output of the DAC for the starting address and then the DAT 
output for the destination address is subtracted to offset the 
integrator output, 

The generated position command is used until the shaft 
gets to within about one minute of arc of its destination and 
then the servo is left to sett If 1 , If the move is to an address 
where the si it transducer detects a signal returning from the 
optical path the slit servo is then enabled and the motor and 
shaft are allowed to settle to the final position. 
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A Microcomputer System for 
Spectrophotometric Data Processing 



by Glenn C. Steiner 



^" HE REQUIREMENTS of the high-speed, user-oriented 
8450A Spectra photometer made it mandator}' that 
a powerful computer be built in to handle the large 
amount of data generated during spectrum measurements. 
The data had to be acquired, processed, and then handed 
to the operator in an understandable format, User interac- 
tion with the instrument had to be handled in such a man- 
ner as to make the 84 50 A a "friendly" machine. This power- 
ful computer had to be reasonably priced and fit in a space 
not much larger than a bread box. 

Fig. 1 is the block diagram of the controller that was de- 
signed to meet these requirements, 

SOS Processor 

In a typical one-second measurement over 200G data 



items are acquired for processing. At least 100 operations 
are applied to each item, giving 200,000 sixteen-bil opera- 
tions that have to be done in less than a second. During the 
initial phases of the 84 SUA project, nothing short of a large 
minicomputer could process this much data. However, 
HP's state-of-the-art silir:on-on-sapphire (SOS) process 1 
came on-line during the project and produced a micro- 
processor system with the computing power of a minicom- 
puter. The MC5 processor is an SOS part with TT In- 
compatible inputs and outputs. It can execute a typical 
instruction in about 1.5 microseconds. 

The MC5 was designed as a fast microcontroller chip and 
does not have powerful arithmetic capabilities. Therefore, 
an external sixteen-bit multiplier was designed to handle 
the 20,000 multiplications required every second. This 



HAM Bin* 1 (Opiioiuf) 
RAM Bank JSimtdarrf) 



33K ROM I tlrtBrrujn Real-Tim* 







Fig. 1. Controller of the 845QA Spectrophotometer is a powerful computer that processes the 

large amount of data generated during measurements and presents results to the operator in an 

understandable form, it a/so makes the 84 50 A a "friendly" machine to operate 
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multiplier can multiply two signed or unsigned sixteen-bii 
numbers and produce a 32-bit result in 1,6 microseconds. 
The multiplier is used for all multiplications, squaring, left 
shifts, and transcendental functions. 

A large amount of preprogrammed code was required to 
give the 845GA its personality (see article, page 1 1 ]. A total 
of 57.344 bytes of code is stored in 14 read-only memories 
(ROMs), To accommodate different manufacturers, the 
ROM support circuitry accepts ROMs from several different 
suppliers and allows ROM speeds to be intermixed. 

To store the large amounts of data acquired during a 
spectral reading, the B45GA is supplied with 32,768 bytes of 
mi ii loin-access memory (RAM), enough to store seven 
complete spectra. With tht? optional 32.768 additioj 
of RAxM t twenty-five complete spectra many be stored. The 
need for a large, fast, low-cost RAM made lory very interest- 
ing design challenge, To keep the cost, volume, and power 
consumption to a minimum, 16K-bit dynamic memories 
were chosen. However, dynamic memories require refresh- 
ing, multiplexing of addresses, and arbitration of refresh 
and processor accesses to the RAM. What had to be de- 
signed was a "black box" between the processor and the 
RAM. The box had to refresh the RAMs so data would not be 
lost, while allowing the processor to access the RAMs with- 
out having to wait for the completion of a refresh operation, 
Of course, the cost of the control circuitry had to be kept to a 
minimum. To solve all these problems , a synchronous 
state- machine controller was designed. A bipolar PROM 
[programmable read-only memory) is used to control the 
status of the black box: and its outputs (Fig. 2). Latches and a 
20-MHz clock maintain outputs and synchronize the logic. 
The result is a low-cost dynamic memory controller that 
allows fast access to the RAMs with hidden refresh opera- 
tions. 

Input/Output Interfaces 

in any data acquisition system it is important to have a 
means by which data can be recorded on a mass storage 

Signals to Processor, Dynamic 
RAMs and Address Multiplexer 
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Fig. 2. Dynamic memory contr offer is a synchronous state 

machine that refreshes the dynamic memones while allowing 
the processor to access the memories without delay 
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8450A Vertical Scan 

Fig. 3. The 8450A's CRT scans vertically instead of horizon- 
tally as do most raster -scan CRTs 



device for later use or on a hard copy device For human 
inspection. Other input/output operations that were desired 
for the 845QA included: communication with other serial 
devices, relay control of valves, pumps, and samplers, and 
remote control by a desktop computer or larger computer. 
To achieve these goals, two industry-standard communica- 
tiona interlaces were included in the 845GA. The first, a 
serial KS-232C interlace 1 allows data and programs to be 
sent back and forth be ween the speclraptlti to meter and 
many common modems and computers. The information 
may also be sent to standard RS-23^C-compatible printers 
for data and program documentation. 

The second interface is the HP-IB. This bit-parallel inter- 
face is Hewlett-Packard's implementation of the IEEE 488- 
197a communications standard. Through the HP-IB one 
may easily record and retrieve data and methods on the IIP 
9875A Cartridge Tape Unit. Measured or calculated results 
may he neatly plotted or printed and labeled on any ol three 
different UP plotters. An HP-IB printer may be used to print 
the results. HP's SOS process has also made it possible to 
design a powerful HP-IB controller chip, ihe PHI, 2 This part 
contains over 8000 transistors. 1 1 allowed us to design an 
HP-IB interface with five integrated circuits; whereas pre- 
vious designs required up to sixty chips. Asa smart control- 
ler, the PHI also helps reduce the work required of iheMCS 
processor when communication is done over the HP- IB 

User Interface 

The ways in which a person would interact with the 
8450A were thought out with user convenience in mind. 
For input, a functional keyboard was chosen over the stan- 
dard typewriter format. This was done to aid the operator I n 
command selection. A flat, sealed keyboard was chosen for 
its resistance to spilled chemicals. To reduce the processor 
workload, external circuits were provided to scan the 
keyboard and interrupt I he processor when a keystroke is 
detected. A speaker provides audible feedback with clicks 
for each keystroke and beeps for error conditions. 



30 HEWLETT PACKARD JOURNAL FEBRUARY i960 



)Copr. 1949-1998 Hewlett-Packard Co. 



A five-inch-diagonal CRT was chosen over a single-line 
display or printer. The CRT can display up to 16 lines of 32 
characters each and two plots of 256 points each. This 
display gives the user an easy and fast means by which 
results can be displayed, formatted, redisplayed and then 
plotted or printed. The days of lost peaks on plots, because ol 
poor scaling choices are gone fore\ 

The CRT used in the 8450A is unusual in (hat it scans 
vertically instead of using the conventional horizontal scan 
(Fig. 3J. This scheme was chosen to aid in the display of 
plots. During a single display there are 25Ei vertical scans of 
the electron beam, with each scan broken into 256 dot 
positions. Two 256-by-tt-tut RAM local ions are set aside for 
plot data, When a point is to be plotted, its X value is used to 
locate RAM location X and its Y value is placed in that 
location. Later, when the CRT is doing a vertical scan in 
column X. the Y value in RAM location X is retrieved. This 
Y value is compared to the dot clock counL and when they 
match a point is displayed. This is a very cost-effective 
solution compared to systems that have a RAM location For 
B1 '.-vy point on the screen [requires 8K bytes] or those that 
use costly associative memories. 

Reliability and Service 

For reliability, many unseen features are implemented in 
the processing system design. A Til. sixteen-bit micro- 
processor bus was defined for communication between 
boards. To reduce failures caused by static discharge, all 
CMOS parts are buffered from the bus by TTL ^'tes. Boards 
are designed to place not more than two low-power 
Schottky loads on bus lines, Thus gates are never loaded 
above !ifly percent ni capacity, All external signals 1'lmv 
through the motherboard to the processing system boards. 
This greatly reduces stress on ribbon connectors and en- 
hances reliability. Alignment pins at the motherboard pre- 
vent cards from hein^ installed in the wrong slots or back- 
wards, Finally, during the design phases, all boards are 
tested for reliable operation from -10 to -8n" J C, a r, 
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mui:h wider than the instrument's specification. 

To verify proper system operation and to aid service 
personnel in locating problems, a series oi diagnostics were 
included lo verity hardware operation. They are run at 
turn-on. First core parts are tested, and then the core is 
expanded and tested. Diagnostics start with testing theMCS 
processor and expand by testing the ROM, RAM, multi- 
plier. 1,'G, lamps, beam di reel or. and finally the diode arrays 
and analog electronics. Once the 8450A is on, any of these 
diagnostics may be run individually, and other more com- 
prehensive tests not done at turn-on, such as CRT or 
keyboard diagnostics, rnny be run r These tests locate a prob- 
lem to a single board and greatly reduce the time spent in 
locating a problem. 
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Hnw the Model 8450A Was Developed 
by Richard E. Mormier 

UV/Vis R&D Manager 



Some of our best products are developed when an ejoslino, need can suddenly be tilted 
because of developing technologies. This >s panicuJady Hue when a comb-matron of develop^ 
ing technologies can be brought together &ach making Ihe other more useful in the new 
product Much of the coninbuispn «n the new B450A Spectrophotometer design relates to the 
way the developing technologies ul holographic diffraction gratings, aspheric replit>i!ed 
oplics, diode array pholnde(ectcir5 and microprocessor Control systems could be blended 
Into a product lo Till a need in a way not before possible. 

Although reJativety obvious now, the path was no! clear along Hit- way especially in the 
beginning The work on Iho spectrophotometer was started m Hewlett- Packard Lab^ 
Barry Willis had fumed HP hoping to help develop a capability In. Optica* methods of measure- 
ment. Barry deserves special mention here because his expertise, enthusiasm, and persis- 
tence have contributed immeasurably lo the whole effort Irom beginning in end 

Much of (hq early work in HP Laboratories was exploratory. During these first years many 



possible ideas and alternatives were explored and many abandoned. The effort grew as new 
ideas held promise, and new people with a particular expense became temporarily involved 
Then the effort would, for some people, become part-time again There ware many who 
contributed during ; his rime loo many to give proper credit 10 all 

The effort began with a proposal for the basic optical and pe dor ma nee concepts by Barry 
Willis and by Bob Ghaney. who hadttie early management reponsibilityfor Ihe project Doug 
Smith worked on the eady attempts lo get a satislactory diode array detector Mike Kelfy 
participated m the early investigation ol alternatives. 

The investigatory effort reafly started to be seriously pursued when a key element, an 
a berraton-cor reeled holographic gtaling, became available. Conventional gratings had tod 
much stray-light, ghosl imagery, and aberration tor use in the fcmd of spectrograph required 
lor a system with array detectors The opl its design was spearheaded by Chuck Bryson, who 
contributed m most opucal areas but particularly in Ihe design of the spectrograph that is so 
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GritfGfJ to The overall performance of Ihe system Fred Schwartz contributed to the design of 
the overall optics and I he illumination optics, 11 was Fred: who recognized the advantages of a 

confccal ellipse system arid developed It tor use m I he 3450 A, John Dykes conlr ibuied to Ihe 
optical system m developing the beam direclor positioning concepts and m recognizing the 
roJe of the cube corners in a practical beam direclor system 

As lha worn started coming together m Ttie torm of a first breadboard syslem, the effort 
demonstrated progress and many more people became involved A good deal of work *as 
necessary in me detector system. Knud Knudsen was responsible for the electronic design ot 
Ihe low^noxse input amplifier and sjgnal processing system. Bill Mordan. Nap Horn and Bud 
Ctttftti contributed for a time m ihis area as well Arpad Berna helped with a number oi 
theoretical mves ligations of problem areas, since there were many <undamenlal design 
consider 31 ions during this period. 

The first breadboard was a good s larl, bu I a new breadboard was needed Id incorporate 
new ideas and more ol the overall system, Bruce Ruff joined the optics effort to help witn me 
ophcal component selection and evaluation of the optical performance of tne system Mark 
Morgenlhaler did ludher development of Ihe beam direclor concept and designed the related 
circuitry for the second oread bo rirrt 

The concepts thai define the operation ot the microcomputer are incorporated in Ihe 
firmware operating system. This whote area was explored, debated, and defined by a 
fortunate combination of talented chemists and software people, As the system was designed 
it *as programmed m a computer'rjisc system thai simulated Ihe microcomputer and was 
used to operate Ihe second breadboard Kathy Potter contributed significantly irj Ihe system 
through her software expertise and m writing (he PARSER routine. Norton 6el with hts 
software background and logical approach, helped Kathy discipline the chemists and wrote 
Ihe XCUTER routine as well as much more laier on in the development eflprt Paul Dryden 
helped with the chemistry and wrole the EXEC and MEASURE routines. 

Art Schleifer. who helped the others see the system through the eyes of the chemist/use* , 
wrote 1,0 routines and helped with ihe evaluation and selection of periphei ats. Ray Bell, also a 
chemist, wrote Ihe output format routines and methods, and eventually assumed rssponsibil 
ity for those portions written earlier by Kathy and Paul Barry Willis contributed rnany oi ihe 
concepts and tied the whole software,' applications effort togeiher. 

The mjcroccmpuier was defined dunncf mis period with the guidance of Avner Ben Dor. 
Related was Ihe work done by Andrew Stefan ski on the fasl multiplier to achieve adequate 
computational speed Andrew also was responsible tor work on the muliicomponent analysis 
and lor the CPtT display John Lazier helped immeasurably in the building of the breadboard 
and the design of all the little pieces necessary to pul together a working system Mike Farrelf 
designed and huill the keyboard and power supplier 

The mechanical design oi the spectrophotometer was a major effort. Clarence Studleydid 
much oi the tolerance analysts and the mechanrcaJ design of the system and some ol ihp 
optical pads such as Ihe cube corners, George Drennan designed the mechanical parts oi me 
beam director Ihe diode array oackage, and Ihe slits. Jim Haynes designed some of the test 
Sixties and mechanical aspects of Ihe sample area, Bob Hirsch joined the pioject for a shod 
lime to help with the mechanical design as well as tooling and manufacturing concepts 

It had earlier become clear that a ma|or contribution hart to be ma da «n Ihe diode array 
detector. Low noise, stability, and sensitivity had lo be markedly better \l a practical system 
was to be achieved. The integrated Circuit Laboratory of HP laboratories was ready to help 
There have been many people in ICL involved In lhis successful effort Ted Kamins was 
responsible for the array design and process development, assisted by Godfrey Fong. Dancy 
Girol did the array layout. 

The project went through a major transition when basic feasibility demonstrated, Ihe 
majority of the developmenl effort was iransl erred to the Scientilic Instruments Division 
Some of Ihe HP Laboratories people wenl on to difterenl lasks, some continued to work m 
related investigations, and some transferred with the pfojeet Some of the above mentioned 



people were SID development people who were temporarily assigned to HPL and moved 
back wiin the transfer to provide good continuity Two sucb mechanical engineers were Bob 
Nordmen and Gene Wong, Bob has done an extraordinary job in ihe mechanical design of 
many pf the optical structures such as Ihe spirograph, !he lamp bouse and Ihe basic 
mechanical-optical structure of the system. Gene Wong has done most of the work on the 
mechanical packaging and has been heavily involved in tne transfer to prodyctmn 

In the two years since the transfer Ihe developmenl effort has gone through the normal HP 
producl development cycle oi lab prototypes, production prototypes, pilol run, environmental 
and reliability testing, and finally the transfer to manufacturing. During this period the project 
responsibility for Ihe chemistry/firmwarej'optics has been ably handled by Barry Wilis. Herb 
Stickel jomed the group to tehe project responsibly lor the mechanical and electrical design. 
Herb did a fine |Ob of focusing Ihe product development effort and brought his Jong experience 
*n making a successful transition from the R&D lab to production George Hopkins pined the 
protect (0 fake on the responsibility for completing theoptics design His careful analysis of Ihe 
syslem and conlnbu lions to the optics design and developmenl have been major 'actors m 
achieving a high-performance and producible optical syslem. Harry Wu also joined the project 
after il was transferred lo SID He has made important contributions in optical components 
and m the evaluation ot the &450A In new applications such as semiconductor processing 

Lynn Weber did further development work on Ihe beam direcloT electronics, designed the 
power supplies, and developed the overall electrical architecture oi Ihe system Glenn Sterner 
accomplished the major task of completing Ihe design of Ihe microcomputer including tne 
microprocessor memory, multiplier, and input.'outpul. Bob Widmayer completed the design 
work on all the signal processing circuitry and got aJ the component parts ol the signal 
processing system working together properly. He also look over work on the CAT display and 
keyboard, which was handled for a short lime by Jim Maples. Joe* Harrison did a computer 
study of (he vibrational properties of Ihe beam director shall 

A very important part of Ihe design ot any HP product is the industrial design, The 
requirements ol Ihe speclrophotomeler were unusual and ihe special demands imposed by 
operalmg reliably and conveniently in the harsh environment typical ol chemical applications 
and laboratories dictated a new cabinet design II would operate with and alongside a variety 
of other HP products. Ai Inhelders corporate industrial design group contributed all along the 
way. During the HPL penod Ed Sailer consulted on on Ihe early designs Following Ihe 
Iransfer lo SID Ted Rentena did the industrial design so evident in the final product and many 
of the accessory items 

As tne product approached production a whole new host ot people became invoked and 
contributed. I can only name some. Dave Gunn in the model shop, Gladys Klick and Marge 
DodrJ in printed circuit design. Cbel Haibel and John Ertel in production engineering.. Bill 
Kruse in cost accounlmg, Stu Hanson on the operating manual, Alice Dooley In purchasing, 
and Marty Holdemess in service. Frank Bunya. Larry Thompson and Jeny Reel or helped w4h 
the successful transfer to manufacturing. Lynda Ratcliff helped prepare a mountain of 
documentation including lhis Journal 

Finally, somemenlionof Ihe management attention (his program received is in order. To us 
on the proiect il seemed that we had the eye and anteresl of a good many corporate managers. 
Then inputs and rjueslions helped considerably in shaping lhis product mtc the fme technical 
and measurement contribution that il is. Special mention should goto Barney Oliver and to 
Paul Sloft for their patience and vision during [nose early uncertain years, and to Ivan CiocKett 
-or gehing the program out ot the investigative phase and moving toward Ihe development of a 
real product. 

The 6450 A SpeciQch-otomeler happened because of the contributions of a large number of 
people. The result >s a very significant step forward In chemical measurement capability and 
the excrtement we have left about what the 8450A can do is now visible in ihose who have had 
the opportunity lo use it 
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